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The first part of the thesis focuses on the surface runoff occurring from a typical 
construction area in Singapore. The construction site was located near the National 
University of Singapore and proved to be an ideal site since there were not many outflows 
from the site and enabled easy sample collection. Runoff samples were collected from 10 
different storm events spanning one year over different stages of construction. The aim of 
study was to analyze the first flush of nutrients and trace metals from this site and establish 
the need for mitigation measures in order to control the outflow from such construction 
areas around Singapore. It was found that most nutrients and trace metals exhibited a first 
flush phenomenon although on some occasions a dilution effect was also observed.  
 
This characterization study was followed by the development of a possible treatment 
technique to remove nutrients from water. An excessive supply of nutrients can cause 
eutrophication problems in freshwater reservoirs. It is therefore important to remove these 
nutrients from contaminated natural waters at the point of collection as much as possible.  In 
this thesis study, the effectiveness of Granular Activated Carbon (GAC) as well as zinc 
chloride modified GAC was investigated and compared for their efficient removal of 
nutrients from water. The study revealed that the surface modified GAC proved to have a 
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1.1.  Water and its importance 
 
Safe drinking-water is essential to health, a basic human right and a major policy component 
in health protection. The importance of water, sanitation, health and hygiene has been 
emphasized in many international forums over the years. It has also been reiterated in water-
centric conferences such as the 1977 World Water Conference in Mar del Plata, Argentina, 
which launched the water supply and sanitation decade of 1981–1990, as well as the 
Millennium Development Goals adopted by the General Assembly of the United Nations 
(UN) in 2000 and the outcome of the Johannesburg World Summit for Sustainable 
Development in 2002. Most recently, the UN General Assembly declared the period from 
2005 to 2015 as the International Decade for Action, “Water for Life”[1]. 
 
Water is the essential component of life and in order to sustain life a satisfactory (adequate, 
safe and accessible) supply of drinking water must be available to all.  Drinking water is a 
dwindling source these days, and improving access to drinking water is one of the most 
important targets for most government agencies today [1].  As a health and development 
issue, access to water is a critical problem at not only the national and regional levels, but 
also at local levels. Investments in water supply and sanitation have yielded economic 
benefits for the region and have proved to reduce adverse health effects since health care 
costs outweigh the costs of undertaking interventions. According to The World Health 
Organization’s (WHO) report, such interventions have also alleviated poverty in certain areas 
of the world [1]. 
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The quality of water differs from country to country as also the purpose for which it is used. 
Water quality in general refers to the chemical, physical and biological characteristics 
of water [2].  It is a measure of the conditions of the water rather the physical, chemical and 
biological characteristics of water relative to the requirements of one or more biotic species 
and/or to any human need or purpose [3]. Water quality is frequently relative to a set of 
standards against which compliance can be assessed.  
 
1.2.  Water quality parameters 
The parameters that determine water quality are generally determined by their intended use. 
Different water quality parameters are defined   based on the use of water for different 
purposes such as human consumption, industrial or domestic uses and environmental water 
quality.  
 
1.2.1. Human consumption 
According to the WHO, safe drinking-water, as defined by the Guidelines, does not represent 
any signiﬁcant risk to health over a lifetime of consumption, including different sensitivities 
that may occur between life stages [1].  Limits on the amounts of certain contaminants have 
been set by the United States Environment Protection Agency (USEPA) in the water that is 
supplied by the public water systems.  The Safe Drinking Water Act authorizes USEPA to 
issue two types of standards: primary standards regulate substances that potentially affect 
human health, and secondary standards prescribe aesthetic qualities, those that affect taste, 
odour, or appearance [4].  
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1.2.2. Industrial and Domestic uses 
The presence of dissolved metals or minerals can pose risk to many industrial processes that 
need minerals-free water. A typical example of this is the presence of calcium and 
magnesium ions in water which interfere with cleaning action of soap. Water with the 
presence of these ions is called “hard water” which can be softened for improving the 
cleaning efficiency [5, 6]. However, softened water is not considered suitable for human 
consumption since it is believed that the presence of ions such as those of calcium and 
magnesium are necessary minerals and nutrients for humans [6].  
 
1.2.3. Environmental Water Quality 
Environmental water quality, also known as ambient water quality, refers to the quality of 
water pertaining to lakes, rivers, and oceans. The standards for such surface waters differ 
significantly due to varying environmental conditions. The presence of contaminants and 
microorganisms can present a health hazard for purposes such as irrigation, recreational and 
industrial uses. These conditions not only affect humans, but also wildlife associated with the 
concerned ecosystem.  Recent water quality standards specify in general the quality of water 
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1.3. Sources of Pollution 
Figure 1-1 shows the water cycle, also known as the hydrological cycle. As is clearly seen,  
water evaporates from the ocean surface and returns to the ocean through various pathways 
such as groundwater discharge, surface runoff and precipitation. The water cycle by far forms 
the most important basis for all theories behind the idea of pollution in the environment. 
 
The water cycle shows various inflows of water into our environment. In its journey from the 
seas to the land and back to the sea, water goes through different phases and in its typical 
path carries and discharges various pollutants. Sources of water pollution in urban areas can, 




Figure 1-1 Water cycle  
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a. Point Sources 
When the source of pollution is identifiable such as a pipe or a ditch, it is known as point 
source water pollution. Some examples of sources belonging to this category include 
discharges from sewage treatment plants, factories, or a city storm drain. The U.S. Clean 
Water Act (CWA) defines point source for regulatory enforcement purposes. The CWA 
definition of point source was amended in 1987 to include municipal storm sewer systems, as 
well as industrial stormwater, such as from construction sites [7].  
 
b. Non-point Sources 
Diffuse contamination of surface water that may not originate from a single source is referred 
to as non-point source pollution. It is generally considered to be a cumulative effect of small 
amounts of pollutants emerging from a large area. Nutrient runoff in storm water from "sheet 
flow" over an agricultural field or a forest is cited as an example of non-point source 
pollution. Contaminated storm water washed off from parking lots, roads and highways, 
called urban runoff, is sometimes included under the category of non-point source pollution. 
Non-point sources of pollution maybe derived from various sources and often do not have 
specific solutions in order to deal with them [8, 9].  
 
1.4.  Scope and Objectives 
This thesis deals with two important aspects which are of current concern in urban areas, 
namely, quantity and quality of urban surface runoff and the treatment of the key 
contaminants in the runoff. The following sections explain briefly the rationale for the 
selection of research topics and importance of the studies conducted.  
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1.4.1. External Loading  
Receiving waters such as lakes and reservoirs, especially in urban areas (such as that in 
Singapore), are much affected by urban development. Highly urbanized regions like 
Singapore depend on stationary water sources such as reservoirs and lakes. Hence it is 
imperative that the existing sources of water in Singapore are kept free from contamination 
due to urbanization. Impacts of urbanization on the quality of aquatic ecosystems are 
widespread, and are exacerbated by modifications to the natural environment [10, 11].  The 
quantity and the quality of water are the two most important aspects of an effective water 
management system.  Both these characteristics of water cannot be addressed separately and 
one needs to be tackled keeping in mind the effect of the other.  Urban development has led 
to an increase in impervious land area which in turn has led to an increase in volume of 
surface runoff and decreased infiltration.  As a result, the concentrations of metals, suspended 
solids and nutrients in downstream areas are elevated. [12, 13]. Urban rainfall runoff or storm 
water runoff plays an important role in their contribution of pollutants to a water management 
system in terms of both quantity and quality. The runoff from urban regions contains diverse 
pollutants reflecting human activity and the urbanization of the catchment area [14].  
 
Land use types in a particular region dominate to a large extent the type of pollutants 
emerging from the area during a storm event.  For instance, stormwater runoff collected from 
roadways can be expected to contain high concentrations of heavy metals. With developing 
countries and developed countries needing more infrastructures in order to sustain their 
population, the need for construction activities has increased manifold.  Adverse changes in 
water quality due to stormwater runoff accompany land-use changes coinciding with 
urbanization [15].  Construction activities, although transient, are thought to introduce a large 
influx of pollutants, especially heavy metals into the immediate environment in fast 
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developing countries because of rapid urbanization. Metals such as cadmium, copper, and 
lead, because of their persistence and prevalence in the environment can turn out to be toxic 
and dangerous to the thriving ecosystems. This is one of the reasons urban runoff quality has 
been investigated by various countries [16-20].  
 
Earlier studies have reported that a large number of constituents, both inorganics and 
organics, may be present in stormwater.  They can be found in both dissolved and particulate 
phases [21, 22]. Concentrations of trace elements in runoff can vary from event to event and 
from location to location due to variation in the nature and intensity of human activities [23]. 
The 2002 USEPA report states that urban storm water runoff contributes significantly to the 
excessive input of nutrients, bacteria and toxic metals to receiving water bodies [24].  Surface 
waters face an increase in the sediment and nutrient loading from urban storm water runoff. 
The loadings of such pollutants are highly site specific, thus making it hard to develop and 
implement management and control practices without site specific data [15].  In addition, the 
runoff occurring from construction and developmental works in urban areas has also been 
reported as a major contributor to sources of pollution for 14 out of the 18 National Estuaries 
in the U.S.A [25, 26].  Singapore has been the hub of industrialization and modernization in 
Southeast Asia and consequently construction work takes place on a continuous basis 
throughout the year.  However, there is little or no systematic investigation that has been 
made in order to ascertain whether the construction activities taking place do actually 
contribute significantly to the nutrient and other pollutant loading into receiving water bodies. 
 
An attempt has been made in this present study to assess and characterize nutrients, namely, 
nitrate, nitrite, ammonium ion, ortho-phosphate (OP), total N (TN) and trace metals from a 
construction site. Runoff from a construction site can contain a variety of chemical pollutants 
CHARACTERIZATION AND 
TREATMENT OF URBAN RUNOFF 
 




in particulate and dissolved forms with different levels of abundance depending on the nature 
and intensity of construction activities.  Although past research has shown that the first flush 
leads to a significant peak loading of contaminants usually at the beginning of storm events 
[27], the major pollutants emerging from a construction site have not been characterized, 
especially when the first flush occurs. This study also makes a comparison between the initial 
and the completion stages of the construction period in order to determine whether pollutants 
emerging as a result of the runoff are any different or not.  
 
1.4.2.  Adsorption 
Numerous physicochemical processes such as precipitation, adsorption and biological 
processes are employed for the removal of phosphate and nitrate ions from contaminated 
waters. Amongst these methods, adsorption is a very popular method through which these 
ions are removed with the use of suitable adsorbents Several researchers have worked on 
numerous materials as adsorbents, for instance, fly ash and cement [28], activated alumina 
[29], calcite [30], surfactant-modified zeolites [31], alunite [32], polymeric ion exchangers 
[33] and agricultural residues [34].  It has been observed that these adsorbents did not exhibit 
sufficient adsorption and regeneration capacities. In addition, these adsorbents have poor 
selectivity and limited surface area.  [35].  
 
Activated carbon has been widely used as an adsorbent for various contaminants due to its 
versatility [36, 37].  It is also considered to be a universal adsorbent for removal of aquatic 
pollutants, especially organic pollutants [38].  Extensive research has been done on activated 
carbon by modifying it both physically in terms of carbon size and surface area and 
CHARACTERIZATION AND 
TREATMENT OF URBAN RUNOFF 
 




chemically by impregnating the surface with ions which can enhance adsorption capacities 
for specific purposes [39]. 
 
This thesis study attempted to evaluate the efficacy of commercially available granular 
activated carbon (GAC) for removal of critical nutrients, namely, phosphates and nitrates 
from waters. Chapter 5 explains in detail the batch experiments conducted for the removal of 
nitrates and phosphates individually (single component system) and in combination (dual 
component system). In addition, this study also explored the possibility of improving the 
removal efficiency by modifying the surface of GAC with zinc chloride (ZnCl2).  
 
1.5. Organization of Thesis  
This thesis consists of five chapters  inclusive of the introduction. Short descriptions of the 
chapters are as follows: 
 
Chapter 2: Literature Review 
This chapter gives an overview of the historical studies that have been undertaken concerning 
nutrients and metals. It describes the sources of nutrients and metals and their effects on 
aquatic systems. It also briefs the reader on the concept of first flush and its importance in 
developing mitigation strategies for controlling the influx of nutrients and metals. The 
literature review also details the historical use adsorption as a popular treatment technique for 
the removal of pollutants. It describes the principles behind the equations governing the 
various adsorption mechanisms as well.  
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Chapter 3: Materials and methods 
This section details the methodologies and the materials that were used in order to conduct 
the study. The chemicals, instrumentation techniques, the experimental protocol, analytical 
and statistical methodologies have been elucidated in this chapter.  
 
Chapter 4: First Flush Analysis of Nutrients and Metals Emerging from a Construction Area 
In this chapter, the results that were obtained upon chemical analysis of the samples collected 
over a period one year were analyzed. The dimensionless curve analysis was done in order to 
ascertain whether or not first flush played an important role in the influx of nutrients and 
metals into the environment. The chapter also displays PCA plots which ascertain the 
characteristics of the pollutants emerging from a construction area. 
 
Chapter 5: An adsorption study for the removal of nutrients 
The chapter explains the use of adsorption as a technique for the removal of nitrates and 
phosphates from water using Granular Activated Carbon (GAC). The chapter also deals with 
the use of chemically transferred Zinc on GAC for the removal of nitrates and phosphates as 
well. Experiments for the optimization of the use of commercial GAC and zinc modified 
GAC for the removal of these nutrients have been explained in this chapter. Modeling for 
determining the type of adsorption mechanism that nitrate and phosphate follow in the 
adsorption process have also been described. 
Chapter 6: Conclusions and Recommendations 
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In this section, concluding remarks for each of the studies conducted have been described in 
separate sections. In the first section, the importance of the dimensionless curve analysis for 
determining the first flush phenomenon has been explained. It also explains the need for 
systematic mitigation strategies to prevent pollutants from entering the environment from 
construction areas. The second section describes the efficacy of GAC and zinc modified GAC 
in the removal of nitrates and phosphates in singular and binary systems and the possibility of 
conducting further work in terms of modification of GAC has also been proposed. 
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2. Literature Review 
 
2.1.  Introduction to nutrients 
 
All living things must take in nutrients, respire, synthesize and eliminate waste. The whole 
concept of the food web is based on the ability of various organisms to consume nutrients and 
use the energy of the sun to produce new organic matter. Just as plants and animals on land 
consume essential nutrients such as oxygen, nitrogen (N), phosphorus (P) and other elements 
in varying concentrations, the life in aquatic systems also does and survives on the same 
principle. When any of these nutrients which are limiting are found in adequate or large 
amounts, organisms in aquatic eco-systems take advantage of such a situation for their benefit 
and  multiply in large numbers until some other limiting condition is encountered.  
 
In the last two decades, aquatic systems have been experiencing a number of environmental 
problems such as eutrophication that can be attributed to the introduction of excess nutrients. 
Water quality managers have faced a big challenge in trying to understand the complex chain 
of events and impacts with respect to prevention and reduction of aquatic nutrient over 
enrichment.  
 
2.1.1. Phosphorus (P) 
 
 
P is considered as a key factor responsible for the eutrophication of freshwaters. According to 
Ramm and Scheps, (1997) [40], the release of P from the sediments is an important source for 
the overlying water, and may result in continuous eutrophication in eutrophic lakes even after 
the reduction of external loading [41].  Concentration of P in lakes and rivers results from 
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external inputs and internal loading from the sediment, which can contribute to the overlying 
water column at levels that can be compared to the external source and its release, depending 
on the form of phosphate in sediments. It should be taken into account that not all the P that is 
released into the environment is bioavailable and, therefore likely to increase eutrophication, 
i.e. knowledge of total P concentration is not always adequate to assess the risk associated 
with its presence in natural waters. The reason is that although bioavailable P is mainly in the 
dissolved form, it occupies only a small fraction of total phosphorus (TP), with particulate P 
being a major fraction of TP.  Therefore, the stability and chemical form of particulate P in 
association with the environmental conditions regulate its retention and release from the 
sediment phase and determines the level of dissolved P in the water column [42-44].  This 
implies that it is important to know the actual fraction of P which contributes towards such a 
condition in lakes and other water bodies.  
 
P can be classified as inorganic and organic P. The main inorganic forms of P are found as, 
(i) the fraction adsorbed by exchange sites and referred to as loosely bound or labile or 
exchangeable P. This fraction is easily releasable and becomes available for algal growth; (ii) 
the fraction associated with aluminum (Al), iron (Fe) and manganese (Mn) oxides and 
hydroxides. Sediments usually contain P and Fe bound together; (iii) the fraction in calcium 
(Ca) bound compounds generally referred to as apatite P (AP) and the ones bound to the Al, 
Fe and Mn oxides as Non Apatite Inorganic P (NAIP) [45]. The apatite fraction of P is not 
easily releasable into the environment and hence not as bioavailable as the Fe -bound 
fractions or the non-apatite ones. On the other hand, the organic P is a complex fraction and 
its exact nature is not known.  However, a study by De Groot and Golterman (cited by Ruban, 
2001) observed that the organic fraction of P  is partly composed of phytates [45]. 
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Although there is sufficient information available regarding the concentration and 
fractionation of P through systematic studies, and the effects of this nutrient on the water 
bodies around the globe with respect to eutrophication and algal blooms, results lack 
consistency.  A possible reason is the difficulty in the differentiating between inorganic and 
organic P with the available sample treatment and extraction methods.  Therefore, P 
speciation is defined each time on an operational basis as a function of the extractants and the 
fractionation protocol employed [42]. Therefore, the opportunity to compare and contrast data 
amongst different case studies becomes a strenuous process since the methods differ from 
one another with respect to reproducibility, concentration units and even basic reagents used.  
 
In a research study done by a group of scientists on the different trophic sediments of lakes 
from the middle and lower reaches of the Yangtze river and the southwestern plateau in 
China, the total phosphorus (TP) values determined for six sediment samples ranged from 
440.3 to 1691 mg kg
-1
 of which 56.4 to 88.5% was contributed by inorganic phosphorus (IP) 
[40] (Table 2).  
 
Another study done by Lai et al. (2008) [46], it was found that the sum of the inorganic pools 
of P exceeded by 50% of the total sediment P contents of which the redox sensitive iron-
bound fraction of P was the dominant fraction (31-75%) with the concentration reaching an 




).  In a comparative study done between the concentrations in 
Spanish Lagoons (18-91 µg g
-1
) and those in French Mangroves (207-476 µg g
-1
), it was 
found that the concentration at the Mai Po marshes were considerably higher indicating that 
the role played by sorption processes is very important [46].  In another research study by 
Rogel et al., (2007), titled Phosphorus Retention in Coastal salt marsh in SE Spain,[47] the 
authors analyzed the TP and IP in the coastal marsh in the south eastern region of Spain and 
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 and IP quantities were nearly 15.6 to 
66.7% of the TP concentrations. Their research concluded that under oxic and anoxic 
conditions, Ca compounds were the main inorganic soil components contributing to P 
retention in the salt marsh, except in sites with low calcium carbonate (CaCO3) content, 
where Fe and Al oxides (more likely the latter) contribute more to P retention. 
 
2.1.2. Nitrogen (N) 
 
N availability is generally considered one of the major factors which regulate primary 
productivity in aquatic ecosystems. According to the review in FEMS microbiological 
reviews by Herbert (1999), aquatic systems receive large anthropogenic inputs of N that can 
lead to eutrophication. This generally has a huge impact on aquatic ecosystems such as 
estuaries, lagoons etc where exchange of water is restricted. An increase in such a load acts as 
a promoter for growth of phytoplankton and fast growing pelagic macroalgae while plants 
with roots such as sea-grasses are suppressed in their growth because of reduced light 
availability. This can lead to large diurnal variations in oxygen concentrations in water 
columns [48].  
 
Mineralization of organic matter has been believed to occur in shallow sediments. This 
mineralization, as explained by Herbert (1999) in his review is caused mostly by bacteria, 
thus resulting in gradients of nutrients in the overlying water column since there is a constant 
adsorption, burial and release of these nutrients from the sediment bed [48, 49].  In fact the 
main driving force for the N in the benthic layers to be recycled is the degradation of the 
organic matter that is deposited at the surface of the sediment layer or even the excretion by 
the roots and rhizomes of macrophytes [48, 50-52]. 
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The main contributors that control the N species concentrations (inorganic nitrate NO3 and 
ammonia NH4) in water columns are inputs which arise from the fluvial discharges that occur 
and those resulting from exchange across the sediment-water interface. It should also be 
noted that the benthic nutrient exchange or the benthic flux is determined largely by the rate 
of the sedimentation and decomposition of detritus rate of transport of nutrients to and from 
the overlying water column by diffusion and in fauna bioturbation [48, 53]. The benthic 
fluxes are also used as a net measure of the individual processes involved in sediment N 
turnover apart from playing a role in the N cycling [54]. Thus, the rates of net 
ammonification (NH4
+
 release from organic matter), nitrification (oxidation of NH4
+
 to NO3) 
and denitrification (reduction of NO3 to N2 and N2O) can all be estimated from net benthic 
fluxes of NO3 and NH4
+
 [52, 54]. Figure 2-3 shows the biogeochemical cycle of N. It is 
evident from the figure that the N cycling depends on a lot of regulatory mechanisms which 
involve both physical-chemical and biological factors.  
Figure 2-1  The nitrogen cycle showing the chemical forms 
and key processes involved in the biogeochemical cycling 
of nitrogen (Adapted from Herbert, 1999) 
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2.1.3. Sources of nutrients 
 
 
In a study reported by Rahman and Bakri, it was concluded  that  elevated nutrients in aquatic 
ecosystems were normally derived from point sources (e.g. municipal and industrial 
effluents) and non-point sources (e.g. agricultural runoff from fertilized top soils and 
livestock operation)[55]. Nutrients such as N and P naturally enter water bodies from sources 
such as overland drainage and through groundwater. The rate of input of nutrients is greatly 
accelerated by human activities often referred to as cultural eutrophication [56]. Smith (2009) 
in his review on eutrophication elucidated 7 points through which nutrients can be introduced 
into the environment[57]. 
 
Nutrient supplies to inland waters are typically derived from the following primary sources:  
1. Geological weathering, which generates natural exports of nutrients from the landscape in 
which the water body is embedded.  
2. Enhanced nonpoint exports of nutrients from the landscape, which stem from human 
activities, including land clearing, manipulation of vegetation cover, farming, and the 
manuring or application of commercial fertilizers to terrestrial vegetation. 
3. Point source exports of nutrients from human sources, which include raw sewage, treated 
wastewater effluent, and treated or untreated industrial effluents. 
4. Transport of these nutrients directly via overland and subsurface water flows into wetlands, 
stream channels, or lake or reservoir basins. 
5. Delivery of additional nutrients directly to the surface of the water body from both 
particulate and gaseous atmospheric sources. 
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6. Internal regeneration of nutrients (¼ internal loading) through the biological activities of 
microbes and other living organisms; and 
7. Internal regeneration of nutrients (internal loading), which is caused by shifts in the 
oxidation–reduction potential of the underlying soils and sediments within the water body. 
 
2.1.4. Ecological Impacts of nutrients over enrichment 
 
Aquatic systems provide habitats for some of the most productive eco-systems on earth. 
These resources are in danger from eutrophication and other environmental problems caused 
by excess inputs from nutrients, especially N and P. Because rivers transport the vast majority 
of nutrients reaching coastal waters, the concentration of land-borne nutrients tend to be high 
near the mouths of rivers. These areas are a mix of fresh and marine water and are referred to 
as estuaries and tend be slow moving and hence rich biologically [58].  Over enrichment of 
nutrients can cause a range of economic and non-economic impacts such as eutrophication, 
anoxia and hypoxia, loss of seagrass and corals, loss of fishery resources, changes in 




Rapid and intensive developments by way of the use of N and P fertilizers in agriculture and 
aquaculture have led to our environment being affected detrimentally. Eutrophication is an 
environmental issue of concern for wetlands, streams, rivers, lakes, and reservoirs worldwide.  
It affects the survival of many aquatic species with the most critical being, fish.  This in turn 
affects the safety of drinking water supplies, affects the aesthetics of recreational areas, and 
the ability to navigate through rivers and lakes as well [57].  
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It is believed that approximately 50% of the lakes and reservoirs in all continents with the 
exception of Africa are eutrophic [59].  Lake eutrophication is even more serious in China. 
Recent data have shown that 85.4% of the 138 investigated lakes with surface area greater 
than 10 km
2
 were considered to be in a eutrophic status. Moreover, 40.1% of lakes are 
heavily eutrophic. Therefore, urgent measures must be taken to suppress  







Eutrophication, in strict terms, means the increase in chemical nutrients, especially N and P, 
which are critical nutrients. This problem may occur on both on-shore and off-shore aquatic 
systems and is generally a result of excessive nutrient pollution such as the leakage, or the 
release of sewage effluent and run-off of fertilizers applied on lawns.  This problem can 
increase the risk of an algal bloom in aquatic environments by promoting the growth of 
phytoplankton which can pollute the environment. Algal blooms can also lead to a severe 
lack of dissolved oxygen needed for the organisms at higher trophic levels such as fish. Algal 
blooms often grow as thick mass with a carpet like appearance on the surface that can also 
affect the aesthetic value of the region apart from problems related drinking water supplies of 
the region. According to Liebig’s Law of the Minimum, the local yield of terrestrial plants 
should be limited by the nutrient that is present in the environment in the least quantity 
relative to its demands for plant growth. This law in essence states that surface waters which 
Figure 2-2 Problems associated with Eutrophication Adapted from National Council report, 2000 [58] 
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receive low inputs of N and P are unproductive whereas highly nutrient rich waters exhibit 
excessive growth of aquatic plants [57]. Nitrates and phosphates are both being rate limiting 
nutrients, and their excessive presence has a very high potential to stimulate or trigger 
eutrophication in waterways [35]. 
Figure 2-3 emphasizes the importance of N & P as a source of eutrophication. Phytoplankton 
use N and P in the approximate molar ratio of 16:1. This ratio is affected by the following.  
1. The ratio of N: P in the external loading 
2. The relative rates of recycling of N and P with organic P recycling faster than N 
which implies that any time the concentration of P entering the water column is 
greater than that of N. 
3. Differential sedimentation of N in more oligotrophic systems 
4. Preferential return of N or P from sediments to the water column due to denitrification 
and adsorption and precipitation 
5. N fixation 
 
b) Increased primary productivity 
 
As explained in the previous section, eutrophication is the increased rate of supply of critical 
nutrients, thereby causing an enrichment of an ecosystem with nutrients. This increased rate 
of supply is driven by primary productivity. Primary productivity is affected by many factors 
such as light availability, nutrients and grazing. For many systems, primary productivity is 
limited largely by the availability of nutrients and the increase of nutrient input into such 
systems will increase the primary productivity rate and often the phytoplankton biomass 
mortality [58].  
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c) Harmful Algal Blooms 
 
One of the major effects of eutrophication is the occurrence of Harmful Algal Blooms 
(HABs). These mainly constitute blue-green algae/cyanobacteria producing a variety of 
toxins which have the potential to harm humans, fishes and coastal ecosystems as such [61]. 
This phenomenon has impacts ranging from mass mortalities of wild or farmed fish and shell 
fish, human toxicity or even death as a result of consuming intoxicated shell fish or fish, 
alterations to the marine trophic structure etc [61].  
 
Blooms of these algae are sometimes called red tides which are characterized by the 
proliferation and occasional dominance of a particular species of toxic or harmful algae. 
Nutrients can stimulate the proliferation of such harmful algae in many ways. One simple 
explanation is nutrients enrichment or the ratio of the nutrients to silica is also a possible 
reason for a sudden spurt of an algal bloom. A typical case of eutrophication study is Lake 
Ontario wherein, the far north eastern basin was fertilized with P, N and carbon. The near 
basin received the same amount of fertilization except that no P was added. Algal blooms 
dominated the P enriched basin within 2 months [56]. Some other major consequences of 
eutrophication are the degradation of algal beds and the formation of nuisance algal mats on 
the seafloor. It can also lead to coral reef destruction and the growth of algal turfs or 
macroalgae [62]. 
 
d) Increased oxygen demand and Hypoxia 
 
An increased demand of oxygen generally follows eutrophication. This is because, there is 
greater respiration due to the spike in the increased biomass of plants and animals that are 
supported in the nutrient loaded system. Most of it is often due to respiration of bacteria in 
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both water column and sediments which consume the organic matter produced by the greater 
plant production. If this lack of oxygen is not offset by way of introduction of additional 
oxygen by photosynthesis, or mixing processes, then a condition called hypoxia results. 
When the levels of dissolved oxygen are zero i.e. when oxygen is completely absent in the 
system, aquatic systems become anoxic [58]. 
 
According to Diaz and Rosenberg (1995), the occurrence of hypoxic and anoxic waters 
particularly in the tropical regions has become a major concern since the frequency, duration 
and spatial coverage of such conditions have been increasing and this increase is thought to 
be due to human activities [58]. Zones where such conditions exist can lead to severe kills of 
invertebrates and fish, disrupt migratory patterns of benthic and demersal species etc., and 
these zones are called “dead zones”. Shifts in community structure can also be caused by 
conditions of anoxia and hypoxia. Hypoxia plays a major role in structure of benthic 
communities since species vary with respect to the sensitivity to oxygen reduction [58].  
 
Changes in plankton community structure can also be caused by the direct influence of 
nutrient enrichment. Phytoplankton species have varied requirements and tolerance for 
nutrients and trace elements. It is found that some species thrive when major nutrient 
concentrations are elevated, or when organic sources of N or P are present.  
 
e) Effect of sediments 
 
Sediment-nutrients interaction also plays a role in infusing excessive nutrients into a water 
column. In the same paper as mentioned above (Rahman and Bakri, http://www.eng-
consult.com/BEN/papers/Paper-mrahman.PDF) the authors stated that lake sediments are 
CHARACTERIZATION AND 
TREATMENT OF URBAN RUNOFF 
 




long term sinks for the nutrients, particularly P, but can release significant amounts of 
nutrients, particularly when overlain by anaerobic or nearly anaerobic waters. Hence, it is 
essential to determine how sediments can affect nutrient status of the water column and the 











Sediments have the potential to adsorb and retain large quantities of P, making P unavailable 
to phytoplankton and tending to drive the system towards P limitation. Caraco et al. (1989, 
1990) suggested that lake sediments have a greater tendency to adsorb and store P than 
estuarine sediments [63, 64]. This would mean that a P limiting condition is more likely to 
occur in lakes than in estuaries. It is also important to note that eutrophication may lead to 
less denitrification since the coupled processes of nitrification and denitrification are 
disrupted in anoxic waters. 
 
2.2. Trace Metal Pollution 
 
Figure 2-3 Diagram showing the recycling of P and N into the water column  
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The decline in the quality of urban water resources is related to rapid urbanization and 
continuous demand for infrastructure [65]. Trace elements are present in natural waters at 
very low background concentration levels which can affect the ecosystem in several ways 
[66]. They can be introduced in the environment through various means.  A schematic below 
shows clearly the pathways which are involved in the distribution of these trace metals in the 
environment. 
 
Figure 2-4 Trace metal pollution pathways [67] 
 
Trace metals can easily be dispersed in the environment in different areas, in water, soil, 
sediments and air. They can also undergo chemical and biological transformations in the 
environment. These metals could be absorbed by the micro-organisms and later by higher 
predators in the food web thus creating an accumulative effect which can ultimately affect the 
health and safety of human beings under chronic conditions. Selim and Sparks (2001), 
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observed that the fate and transport of trace metals in soils is of signiﬁcant health and 
environmental concern because of its potential high toxicity to humans and the devastating 
effects that result from direct and indirect exposure of ecosystems to metals [68].  
 
The transport of trace metals is affected much by changes in environmental conditions (redox 
potential, pH) [68]. Runoff from roadways, industrial and mining industries are some of the 
major mechanisms by which metals can enter the ecosystem. In urban systems, rainfall runoff 
often contains a significant load of metal elements, particulate and dissolved solids, organic 
compounds and inorganic constituents. Metals are generally non degradable in the 
environment and hence a critical link in the processes involved in the ecosystem [69].  
 
2.3. First Flush and Event Mean Concentrations 
 
 
It is known that during the initial stages of a rain event, the load of chemical pollutants 
emerging out of a surface water runoff event is very high. This is known as the first flush in a 
storm event. A sudden first flush of pollutants into the natural environment could lead to 
adverse effects on the quality of receiving waters such as increased turbidity and 
eutrophication [70-72]. This, in terms of water management analysts, is known as the first 
flush phenomenon.  It is important to note that although receiving water bodies change 
slowly to stormwater inflows, the chemical constituent concentrations change relatively at a 
faster rate [70]. Therefore, the first flush of pollutants, especially nutrients, plays an 
important role in the concentration of pollutants entering a receiving water body.  
 
Typically, the parameter that is generally used to evaluate the concentration of pollutants 
entering a water system is event mean concentration (EMC). The EMC represents a flow 
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weighted average concentration computed as the total pollutant mass divided by the total 
runoff volume, for an event of duration t [70, 73, 74] and is formulated as follows: 
 
 
Equation 2-1 Event Mean Concentration 
 
where, EMC is the event mean concentration (mg/l; M = total mass of pollutant over entire 
event duration (g); V, the total volume of flow over entire event duration (m
3
); t, time (min); 
C , time variable t concentration (mg/l); Q , time variable flow (m
3/s); and ∆t, discrete time 
interval (min).  
 
When the EMC is calculated for a period that is less than that of the total event duration, it is 
called as the Partial Event Mean Concentration (PEMC) [70] as given below: 
 
 
Equation 2-2 2Partial Event Mean Concentration 
 
where, m (t) is the mass of the pollutant load discharged up to time t (g) and v (t) is the 
volume of flow up to time t (m
3
). In order to represent the first flush phenomenon, the 
dimensionless normalized mass (Mn; dimensionless cumulative pollutant mass) and flow 
volumes (Vn; dimensionless cumulative runoff volume) is needed.  
 
The method used to identify the first flush in this work is based on the relationship between 
the percentage of total load and percentage of cumulative event flow. According to Geiger 
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line is the line where there is a constant removal of pollutant load. On the other and dilution 




2.4. Adsorption  
 
Adsorption is a surface phenomenon that is defined as the increase in concentration of a 
particular component at the surface or interface between two phases. Atoms in any solid or 
liquid are subject to forces which are unbalanced in nature which act normal to the surface 
plane. These forces, although acting within the body of the material, are ultimately 
responsible for the phenomenon of adsorption. It is important to note that there are different 
types of adsorption which should be discussed before more details on adsorption and its 
possible uses are presented [76]. 
 
2.4.1. Physical adsorption or Physi-sorption 
Physical sorption is an adsorption mechanism which involves forces that are relatively weak, 
and does not involve the sharing or transfer of electrons and thus always maintains the 
individuality of reacting species. The interactions between the adsorbent the adsorbate are 
completely reversible which allows adsorption to occur at the same temperature, which could 
be hindered by the effect of diffusion. It is not a site specific mechanism and the molecules 
are free to get adsorbed over the entire surface. The heat of physical adsorption is less as 
compared to that of chemisorption [76]. 
2.4.2.  Chemisorption 
Chemisorption, in contrast to physical sorption mechanism involves the formation of a 
chemical bond between the sorbate molecule and the surface of the adsorbent and as a result 
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is an irreversible process. In chemisorption, the adsorption takes place at specific sites and the 
heat of adsorption is more than that in the case of physical sorption. This mechanism is 
mainly characterized by high heats of adsorption that approach the value of chemical bonds.  
A combination of spectroscopic, electron spin resonance and magnetic susceptibility 
measurements confirmed that chemisorption involves the transfer of electrons and formation 
of the true chemical bonding between the adsorbate and the solid surface [76].  
 
2.4.3.  Adsorption equilibria 
Adsorption from aqueous solutions involves the solute concentrations on the solid surface. As 
the adsorption process proceeds, the sorbed solute tends to desorb into the solution as well. 
Equal amounts of solutes are adsorbed and desorbed and the system attains equilibrium state 
called the adsorption equilibrium. At this state, no change in concentration of solute is 
observed on the solute and bulk solution. The equilibrium state is characteristic of various 
factors such as the solute, adsorbent, solvent, temperature, pH etc. Adsorbed quantities of 
solute at equilibrium increase with increase in solute concentrations. The graphical 
representation of the solute adsorbed per unit of adsorbent as a function of equilibrium 
concentration in bulk solution at constant temperature is termed as the adsorption isotherm 
[76]. 
 
The shape of the adsorption isotherm gives a lot of qualitative information about the 
adsorption process and also explains the extent of surface coverage by the adsorbate. 
According to Brunauer (Adapted from S.D. Faust 1987) there are five basic shapes to 
adsorption isotherms; types I to V which is explained in the figure 2-4 below. Isotherms of 
CHARACTERIZATION AND 
TREATMENT OF URBAN RUNOFF 
 




type I do not go beyond mono-layer formation while the rest form multi layers. Usually type I 
isotherms are associated with adsorption processes with GAC [76].  
 
Figure 2-5 Types of Isotherms proposed by Brunauer [76] 
2.4.4. Adsorption Isotherms 
a) Langmuir isotherm 
The Langmuir isotherm is one of the most widely used isotherm models for adsorption 
worldwide. It is also called the ideal localized monolayer model and the following 
assumptions are made while applying this model [76]: 
 
1. Molecules are adsorbed on definite sites on the surface of the adsorbent. 
2. Each site can accommodate only one molecule (monolayer) 
3. The area of each site is a fixed quantity determined solely by the geometry of the 
surface 
4. The adsorption energy is the same at all sites.  
5. The adsorbed molecules do not migrate across the surface or interact with neighboring 
molecules. 
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According to Langmuir (1915), the amount of material adsorbed depends on the kinetic 
equilibrium between the rate of condensation and the rate of evaporation from the surface. 
The kinetic derivation considered the adsorbed layer to be in dynamic equilibrium with the 
gas phase. Thus the derived, Langmuir isotherm is as follows: 
 
 
Equation 2-3 3Langmuir Isotherm 
 
where, θ is the fraction of the site that has been filled, b = ka/kd is the adsorption equilibrium 
constant and P the pressure.  
 
This equation when applied to solid sorbents in solution the Langmuir Isotherm becomes  
 
Equation 2-4 4Langmuir Isotherm applied to solid sorbents 
 
where, X = x/m; x being the amount of solute adsorbed, m the per unit weight of the 
adsorbent, Ce is the equilibrium concentration of the solute, Xm the amount of solute 
adsorbed per unit weight of adsorbent required for monolayer coverage of the surface also 





When the above equation is linearized the following equation results: 
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Equation 2-5 Linearized form of Langmuir equation 
 
From this equation it can be clearly seen that, plotting 1/X against 1/Ce would give us a 
straight line with a slope of 1/bXm and an intercept of 1/Xm [76].  
 
It should be noted that, the monolayer capacity that is determined from the Langmuir 
isotherm defines the total capacity of the adsorbent for a specific adsorbate. This can also be 
used for determining the surface area of the adsorbent by using a solute of known molecular 
area [76].  
 
b) Freundlich Adsorption Isotherm 
Although Langmuir isotherm is very popular and many aqueous adsorption systems follow 
this model, the Freundlich adsorption isotherm is still the most widely used mathematical 
description of adsorption process [76]. This equation is expressed as follows: 
 
 
Equation 2-6 Freundlich Isotherm 
 
where, x is the amount of solute adsorbed, m is the weight of the adsorbent Ce the solute 
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The nature of this equation is such that it incorporates an empirical expression which 
encompasses the heterogeneity of the surface and the exponential distribution of sites and 
their energies. The linearization of the equation gives: 
 
 
Equation 2-7Linearized form of Freundlich Isotherm 
 
A plot of log X/m versus log Ce gives a straight line with a slope of 1/n and log K is the 
intercept of log x/m at log Ce = 0 (Ce = 1). When the value of 1/n is close to 1, a high 
adsorptive capacity at high equilibrium concentrations that rapidly diminishes at lower 
equilibrium concentrations covered by the isotherm can be assumed. The equation represents 
the adsorptive capacity or the loading factor on the carbon, x/m is a function of the 
equilibrium concentration of the solute. Hence, higher capacities are obtained at higher 
equilibrium concentrations. 
 
c) Redlich-petersen Isotherm 
According to Redlich and Peterson the Freundlich isotherm may not be a useful 
representation for dilute vapours or solutions. At low concentrations, Langmuir equation is 
established and confirmed. But a combination of both approaches the Freundlich equation as 
a limit for low concentration and Langmuir for high concentrations.  
 
In their study Redlich and Peterson (as cited by Samuel, D.F., 1987) found a relation with 
opposite kind of limits representing some data on molecular sieves. They expressed the 
relation between the amount of uptake of a normal paraffin adsorbed on molecular sieves as a 
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function of the partial pressure of the adsorbate as given below with the three empirical 
coefficients A, B and g (the value of g varying between 0 and 1) [76].  
 
 
Equation 2-8 Redlich Peterson Isotherm 
 
The expressions at high and low pressures are as follows: 
 
Equation 2-9 Redlich-Peterson Isotherm at high pressure 
and, 
 
Equation 2-10 Redlich Peterson Isotherm at low pressure 
 
 
d) Toth Isotherm 
This isotherm proposed by Toth describes systems with many sub monolayers very well. As 
the other equations are not valid at either the high or the low pressure end, the Toth equation 
on the other hand satisfies both end limits. The equation has the following form: 
 
Equation 2-11 Toth Equation 
 
where, θ equals a/amax, and a and amax are the adsorption and the maximum adsorption 
capacities KT and t are the equation constants and p is the equilibrium pressure. It is clear 
from the equation that for t = 1 the isotherm reduces to the Langmuir isotherm and therefore 
the parameter t is supposed to characterize the heterogeneity of the system. When t deviates 
away from unity the system is said to be more heterogeneous [76].  
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2.5. Granular Activated Carbon and its historic use 
 
 
Activated carbon adsorption is based on the ability of the specially prepared carbon to 
remove certain chemical species. In the treatment of water, powdered activated carbon (PAC) 
which consists of particles below U.S. sieves Series NO. 50 and GAC which consists of 
larger particles are not significantly different in their adsorptive capacities. The mechanism 
depends on pore size and the internal surface area of the pores which are independent of 
overall particle size. Apart from the fact that they have good adsorptive capacities and 
selectivity, GAC and PAC also have the ability to withstand thermal reactivation and 
resistance to attrition losses during transport and handling. Table 2-2 gives general 
characteristics of different types of GAC. 
 
For over five decades, PAC has been in use for the removal of taste and odor compounds 
from public water supplies. On the other hand, GAC has been used only by a few facilities 
[77] .  
 
Even though the use of GAC in municipal water treatment has been limited it has been used 
in industrial and municipal wastewater treatment systems and in various industrial process 
applications. It is known that the application of GAC for the treatment of drinking water is 
much simpler than that of wastewater treatment. A study conducted in 1979, showed that 
around 22 facilities had GAC installations in the United States [77]. A table showing 
summary of the GAC system characteristics in the U.S. is shown in Table 2-1.  
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Table 2-1 Summary of GAC System Characteristics in the U.S.A  [77] 
Source: Gumerman, Culp, and Hansen25 
aMaximum flow, 
bAverage flow, 
cFacility under construction 
dFluidized bed GAC test facility 
Case 
Number 





Carbon Contractors Furnace 
Hydraulic Loading Rate Capacity 





1 South Tahoe Municipal wastewater 28 7.5 
a
 Extensive 17 4.4 6.5 2720 6000 
2 Tahoe-Truckee Municipal wastewater 18 4.83 
a
 Extensive 20 
  
1740 3840 
3 Upper Occoquan Municipal wastewater 57 15 
e
 Extensive 22 5.7 8.4 5440 12000 
4 American Cyanamid Chemiprocess 76 20 
e
 Extensive 30 5.4 8 55300 122000 
5 Vallejo Municipal wastewater 49 13 
e
 Moderate 25 4.1 6 13200 29000 
6 Orange County Secondary effluent 57 15 
b
 Extensive 34 3.9 5.8 5440 12000 
7 Niagara Falls Municipal with significant industrial 180 48 
b
 Moderate 40 1.1 1.67 
  8 Fitchburg 
c
 Municipal with significant industrial 57 15 
e
 Moderate 15 5.4 8 
  
9 Arco Petroleum 
Process waters with significant 
industrial 16 4.32 
a
 Minimal 56 1.2 1.74 3860 8500 
10 Rhone-Poulenc Herbicide production waste 0.6 0.15 
a
 None 87 1.4 2 3860 8500 
11 Reichhold Chemicals Chemical production waste 3.8 1
a
 Moderate 100 1.1 1.55 14700 32500 
12 Stepan Chemicals Surfactant production waste 0.06 0.015 
a
 None 500 
  
2940 6480 
13 Republic Steel Coke process wastes 3.6 0.95 
a
 Minimal 58-116 1.6-3.1 2.3-4.6 30800 68000 
14 Leroy Municipal 3.8 1 
a
 Extensive 12 
  
5440 12000 
15 Manchester Water supply 150 40 
a







16 Passaic Valley 
e
 Water supply 8.3 2.2 
a
 Extensive 8 
  
1090 2400 
17 Colorado Springs Secondary effluent 7.6 2 
a
 Extensive 17 3.1 4.5 816 1800 
18 Hercules Chemical production waste 12 3.25 
a
 Moderate 48 4.5 6.6 15200 33600 









1.4 2 None None 
21 Davenport Water supply 110 30 
a
 Moderate 7.5 1.4 2 None None 
22 Spreckles Sugar Sugar thick juice     None 20     68000 15000 
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Table 2-2 Properties and specifications of Granular Activated Carbon [77] 
    Type A Type B Type C Type D 
Physical Properties         
 
Surface area, m3/g (BET) 600-300 950-1050 1000 1050 
 
Apparent density, g/cm3 0.43 0.48 0.48 0.48 
 
Density, backwashed and drained, lb/ft3 22 26 26 30 
 
Real density, g/cm3 - 2.1 2.1 2.1 
 
Particle density, g/cm3 2 1.3-1.4 1.4 0.92 
 
Effective size, mm 1.4-1.5 0.8-0.9 0.85-1.05 0.89 
 
Uniformity coefficient 0.8-0.9 1.9 1.8 1.44 
 
Pore volume, cm3/g 1.7 0.85 0.85 0.6 
 
Mean particle diameter, mm 1.6 1.5-1.7 1.5-1.7 1.2 
Specifications 
    
 
Sieve size, U.S. std. series 
    
 
Larger than No. 8 max. percentage 8 8 8 - 
 
Larger than NO.12 max. percentage - - - 5 
 
Smaller than No.30 max. percentage 5 5 5 - 
 
Smaller than No.40 max. percentage - - - 5 
Iodine Number 650 900 950 1000 
Abrasion Number, minimum - 70 70 85 
Ash, percentage - 8 7.5 0.5 
Moisture as packed, max. percentage - 2 2 1 
 
- = Data not available 
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GAC has also been used in Europe quite extensively for water treatment. In the 1960s, 
engineers in France considered the possibility of using GAC. Water treatment plants here 
have reported good results for the chlorine taste removal with the use of GAC filtration [77] . 
The carbon is usually regenerated every year or every two years depending upon the 
individual utility. In the Netherlands, sources of drinking water (Rhine and Meuse rivers, the 
Yssel Lake and the Haringvliet) were polluted by many contaminants, and GAC was one of 
the main sources of removal of these contaminants [77]. In Switzerland, the phenol spills in 
St. Gallen and Zurich drinking water supplies led officials to introduce a GAC filtration 
system in all of the water works in critical areas and in the United Kingdom where, the 
government’s policy is to provide palatable drinking water to its people, the use of activated 
carbon was introduced in around 100 potable water treatment works in the country [77].  
 
2.5.1. Adsorption modeling using GAC 
 
Investigations pertaining to mathematical models for describing the kinetics of adsorbate 
removal in fixed GAC beds have been done by many researchers [77] . One of the more 
popularly used mathematical models is the Homogenous surface diffusion model (HSDM) 
which was developed by Weber, Crittenden and co-workers, [77]. This model used the 
following inherent assumptions: 
 
1. The hydraulic loading and influent concentrations are constant. 
2. There is no radial dispersion or channeling  
3. Surface diffusion flux is much greater than pore diffusion flux as an intra particle 
mass transfer mechanism  
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4. The liquid phase diffusion flux can be described by the linear driving force 
approximation, using estimates for the transfer coefficient kf. 
5. The adsorbent is fixed in the adsorber. 
6. Adsorption equilibrium can be described by the Freundlich isotherm  
7. Plug flow exists within the bed. 
Solutions to the HSDM for a fixed bed adsorber system which helps the designer in 
evaluating adsorber performance and determining least-cost adsorber operations were 
determined by Crittenden, and Hand et al [77]. They presented both analytical, numerical 
solutions for the HSDM as also solutions based on the use of orthogonal collocation 
techniques. 
 
2.5.2. Factors affecting adsorption 
 
Adsorption of substances onto carbon is a complex process. In proposing adsorption kinetics, 
three steps are considered namely, 
a. Transport of solute from bulk solution through a liquid film to the carbon’s exterior 
surface 
b. There is solute diffusion into pores of the adsorbent except for a small quantity of 
adsorption on the external surface and the intraparticle transport mechanism of surface 
diffusion which also takes place simultaneously.  
c.  Adsorption of solute on the interior surfaces of the pores and capillary spaces of the 
adsorbent which is an equilibrium reaction.  
Many factors play a role in determining the adsorptive capacity for specific organic solutes of 
a homologous series [77]. 
CHARACTERIZATION AND 
TREATMENT OF URBAN RUNOFF 
 




a. Adsorptive properties of group functionality, branching or geometry, polarity, 
hydrophobicity, dipole moment, molecular weight and size, and aqueous solubility. 
b. Solution conditions such as pH, temperature, adsorbate concentration, ionic strength 
and competitive solutes. 
c. Nature of adsorbent with the surface area, pore size and distribution, distribution of 
functional groups such as the number of hydroxyl ions and ash content. 
 
2.5.3. Removal of nitrates and phosphates 
 
The importance of nitrates and phosphates in the environment has been discussed in detail in 
the earlier sections of this chapter (section number). Being critical nutrients, it is important 
that they are removed from the environment to prevent any unprecedented disasters.  
 
Numerous physicochemical processes such as precipitation, stripping, adsorption and 
biological processes are employed for the removal of phosphate and nitrate ions. Amongst 
these methods, adsorption is a very popular method by which these ions are removed since it 
is cheap and adsorbents are easily available. Several researchers have worked on removal of 
N and P using numerous materials as adsorbents such as fly ash and cement [28], activated 
alumina [29], calcite [30], surfactant-modified zeolites [31], alunite [32], polymeric ion 
exchangers [33] and agricultural residues [34]. It has been observed that these adsorbents did 
not exhibit sufficient adsorption and regeneration capacities as also poor selectivity and 
limited surface area. [35]. 
 
Attempts to reduce nitrate into easier to remove forms started very early. Huang et al (1998) 
studied the possibility of reducing nitrate with the use of Fe as a potential technology for the 
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removal of nitrate [78]. Adsorption studies have been conducted using graft co-polymers by 
Taleb et al (2008) by using polypropylene-g-N,N-dimethylamino ethylmethacrylate as an 
adsorbate [79]. Park et al (2008) conducted a study with cement paste column as well for the 
removal of fluoride nitrate and phosphate in wastewater [80]. A batch wise nitrate removal 
using surfactant modified zeolite was studied by Schick et al (2010) [81]. Similar attempts 
have been made to study the adsorptive behavior of phosphate ions on various substances. 
Oguz et al (2003) studied the possibility of concrete waste for the removal of phosphates. 
They studied the influence of various factors such as suspension pH, temperature etc in a 
series of batch adsorption experiments [82]. Li et al (2006) studied the adsorptive properties 
of activated red mud and fly ash for the removal of phosphate from aqueous solutions. Wang 
et al (2007) studied the removal of phosphate using lithium intercalated gibbsite [83]. A lot of 
other studies have been conducted which are compiled and elucidated in Tables 2-4 in this 
section.  
 
Activated carbon has been widely utilized as an adsorbent for various contaminants due to its 
versatility and low cost [36, 37]. It is also considered to be a universal adsorbent for removal 
of aquatic pollutants especially organic pollutants [38]. A variety of research has been done 
on activated carbon by modifying it for specific purposes [39]. The use of surfactants for their 
modification is believed to be very popular in order to enhance its adsorption capacity. This 
surfactant enhanced activated carbon has been used for the adsorption of arsenate, chromium 
and ferricyanide as well from aqueous solutions [39]. Surfactants such as 
hexadecyltrimethylammonium bromide (CTAB) and didodecyldimethylammonium bromide 
(DDAB) have also been used to water disinfection[84].
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Table 2-3 Compilation of literature for the work done on nitrate and phosphate removal [39, 78, 80-83, 85-113] 
S No Year of Publication Title Removal  
1 1998 Nitrate reduction by metallic iron Nitrate 
2 2003 Removal of Phosphate from wastewaters Phosphate 
3 2006 Phosphate removal from aqueous solutions using raw and activated red mud and fly ash. Phosphate 
4 2007 Comparative study of phosphates removal from aqueous solutions by nanocrystalline akaganéite 
and hybrid surfactant-akaganéite 
Phosphate 
5 2007 Phosphate removal from water using lithium intercalated gibbsite Phosphate 
6 2008 Adsorption and desorption of phosphate and nitrate ions using quaternary (polypropylene-g-N,N-
dimethylamino ethylmethacrylate) graft copolymer. 
Nitrate and Phosphate 
7 2008 Cement paste column for simultaneous removal of fluoride, phosphate, and nitrate in acidic 
wastewater 
Nitrate and Phosphate 




9 2009 Adsorptive removal of phosphates from aqueous solutions. Phosphate 
10 2009 Characteristics and mechanisms of phosphate adsorption onto basic oxygen furnace slag Phosphate 
11 2009 Removal of phosphate from water by a Fe–Mn binary oxide adsorbent Phosphate 
12 2010 Iron-modified hydrotalcite-like materials as highly efficient phosphate sorbents Phosphate 
13 2010 Preparation, characterization of wheat residue based anion exchangers and its utilization for the 
phosphate removal from aqueous solution. 
Phosphate 
14 2010 Synthesis and physicochemical characterization of Zn-Al chloride layered double hydroxide and 
evaluation of its nitrate removal efficiency 
Nitrate 
15 2010 Batch-wise nitrate removal from water on a surfactant-modified zeolite Nitrate 
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16 2010 Nitrate Adsorption Using Poly(dimethyl diallyl ammonium chloride) Polyacrylamide Hydrogel Nitrate 
17 2011 Adsorption behavior of phosphate on lanthanum(III)-coordinated diamino-functionalized 3D hybrid 
mesoporous silicates material 
Phosphate 
18 2011 Characterization and Application of Dried Plants to Remove Heavy Metals, Nitrate, and Phosphate 
Ions from Industrial Wastewaters. 
Nitrate and Phosphate 
19 2011 A weak-base fibrous anion exchanger effective for rapid phosphate removal Phosphate 
20 2011 Adsorption of nitrate and Cr(VI) by cationic polymer-modified granular activated carbon Nitrate  
21 2011 Application of magnetite modified with aluminum silica to adsorb phosphate in aqueous solution Phosphate 
22 2011 Development of chemically engineered porous metal oxides for phosphate removal Phosphate 
23 2011 Effect of pH, ionic strength, and temperature on the phosphate adsorptiononto lanthanum-doped 
activated carbon fiber 
Phosphate 
24 2011 Nitrate sorption from water on a Surfactant-Modified Zeolite. Fixed-bed column experiments Nitrate 
25 2011 Phosphate removal from wastewaters by a naturally occurring, calcium-rich sepiolite Phosphate 
26 2011 Removal of nitrate from aqueous solution using cetylpyridinium bromide (CPB) modified zeolite as 
adsorbent 
Nitrate 
27 2011 Removal of phosphate by Fe-coordinated amino-functionalized 3D mesoporous silicates hybrid 
materials 
Phosphate 
28 2011 Selective removal of phosphorus from wastewater combined with its recovery as a solid-phase 
fertilizer 
Phosphate 
29 2012 Adsorptive Removal of Nitrate and Phosphate from Water by a Purolite Ion Exchange Resin and 
Hydrous Ferric Oxide Columns in Series 
Nitrate and Phosphate 
30 2012 Kinetic, isotherm and thermodynamic study of nitrate adsorption from aqueous solution using 
modified rice husk 
Nitrate and Phosphate 
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31 2012 Nitrate removal from aqueous solution by Arundo donax L. reed based anion exchange resin Nitrate 
32 2012 Aqueous phosphate removal using nanoscale zero-valent iron Phosphate 
33 2012 Effectiveness of purolite A500PS and A520E ion exchange resins on the removal of nitrate and 
phosphate from synthetic water 
Nitrate and Phosphate 
34 2012 Nitrate-ion-selective exchange ability of layered double hydroxide consisting of MgII and FeIII Nitrate 
35 2012 Phosphate removal from aqueous solutions using slag microspheres Phosphate 
36 2012 Removal of F−, NO3−, and PO43− ions from aqueous solution by aminoclays Nitrate and Phosphate 
37 2013 Adsorptive removal of phosphate by a nanostructured Fe–Al–Mn trimetal oxide adsorbent Phosphate 
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3. Materials and Methods 
 
3.1. First flush analysis of nutrients and metals  
 
3.1.1. Sampling Methodology  
 
a) Sampling Location 
 
The surface runoff sampling site was a residential area (Figure 3-1) which underwent 
construction for three to five months at the time of setting up the sampling campaign.  
 
Figure 3-1 Construction site location 
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b) Sample collection and Storage 
 
The stormwater runoff sampling was conducted using an automated stormwater sampler 
(ISCO 6712 Full Portable Sampler) which was activated remotely using a simple modem 
configuration.  The sampler was programmed in such a way that it collected one litre of 
stormwater runoff from the construction site at 5 minute intervals, thereby collecting 24 litres 
of water in one event over 115 minutes, or as long as the event lasted.  An area flow velocity 
meter (ISCO 750 Area Velocity Flow Module) was also installed on the sampler in order to 
measure the height and the velocity of the runoff during a storm event. The samples collected 
soon after the events were stored at 4
o
C until analysis of the various parameters (nutrients and 
metals); the water samples were analyzed within a week after collection. 
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3.1.2. Statistical Analysis 
 
Pollutographs were plotted in order to qualitatively assess the behavior of pollutants 
emerging from the construction site. They were plotted with the time on the X-axis and the 
pollutant loading on the Y-axis. The pollutographs display an initial assessment of the peaks 
of specific pollutants occurring during the period of a storm event. The first flush was 
analyzed for using the Gieger method (1987) as explained in the earlier section (2.3) where 
cumulative pollutant loading percentile and cumulative flow rate percentile were plotted 
against each other in order to identify the first flush phenomenon. Raw data obtained from the 
various platforms were used directly without any data filtering. Log normalization, statistical 
analyses and data visualization were done on R version 2.2 (University of Auckland, NZ). 
Data were first log normalized using an R script. Further, the data were fed to the software to 
generate principal component analysis (PCA) plots in order to assess qualitatively the 
relationships between the nutrients and their sources. 
 
3.1.3. Analytical Methodology 
 
The concentrations of total metals were analyzed using Inductively Coupled Plasma – Mass 







) total nitrogen (TN) and ortho-
phosphate (PO4
3-
) using the Flow Injection Analyzer (FIA) (Quickchem 1500).  
Reagents and Chemicals 
 
Reagents and chemicals required for the analysis of nitrate, nitrate, ortho-phosphate, 
ammonium and total nitrogen were prepared according to the methods prescribed in 
QuickChem methods manual. A table (Table 3-1) describing the methods employed for the 
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analysis of the chemicals is shown below and the instructions for the chemical preparation 
have been included in the appendix section.  
        
                     Table 3-0-1 Analytical methods for nutrients 











5 Total Nitrogen QuikChem® Method 10-107-04-4-B 
 
a) Flow Injection Analyzer (FIA) 
 
 Methods with a continuous flow of water samples for analytical measurements have been 
well-established for chemical analysis with their roots going back to the beginning of column 
chromatographic methods and continuous monitoring of various physic-chemical parameters. 
The advantage of this method over others such as chromatography is that the flow of the 
monitored medium through a suitable detector enables the continuous recording of physico-
chemical quantity provides the possibility for eliminating collection of the fractions in 
chromatographic separation, or a sampling step in process monitoring.  
 
The main aim of the flow injection analysis was to replace all manipulations, where manual 
mixing of samples needs to be done which can lead to errors, with a liquid sample to be 
analyzed with a segment of fluid in a suitably designed flow system that ends with a flow-
through detector. One of the biggest advantages of this concept is that this is the simplest way 
of mechanizing practically all operations that need to be made with the sample in the whole 
analytical procedure. This eliminates the need to use several pieces of glassware, transferring 
samples between them, waiting time for a reaction to occur and waiting time for a steady 
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detector response. Thus once a flow system is optimized, the only operations involved are the 
delivery of the sample to the flow analyser and reading or recording of transient or steady 
signals. This translates directly into better reproducibility of determinations, a larger 
throughput and the reduction of the sources of contamination.  
 
Flow Injection Analysis Principles 
 
FIA is based on the injection of a liquid sample into a moving, non-segmented continuous 
carrier stream of a suitable liquid (Figure 3-3). The water sample that is injected forms a zone 
which is then transported into a detector which continuously records the change in 
absorbance, electrode potential, pH or any other physical parameter that is in need of 
monitoring. 
 
Figure 3-3 Illustration of the phases in an FIA 
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A simple FIA consists of a pump which propels the carrier stream through a narrow tube; an 
injection port, through which a well-defined volume of a sample solution is injected into the 
stream in a reproducible manner. It features a microreactor as well, where the sample zone 
disperses and reacts with the components of the stream. The reacted species is sensed by a 
flow cell detector and is recorded. A bypass loop exists that allows the passage of carrier 
stream when the injection valve is in the load position. The output is usually in the form of a 
peak as shown in the Figure 3-3. The height, width or area of the peak is related to the 
concentration of the analyte in question. An FIA system that is well designed has a rapid 
response in the range of 5-20s and this enables the system to analyze around two samples a 
minute.  Thus it makes the FIA a technique that has a high sampling throughput with 
minimum sample usage and reagent consumption. 
 
FIA is thus a combination of three principles namely sample injection, controlled dispersion 
of the injected sample zone (Figure 3-3) and reproducible timing of its movement from 
injection point to the detector. Hence, in contrast to all other methods of instrumental 
analysis, the chemical reactions are taking place while the sample material is dispersing with 
the reagent, that is, while the concentration gradient of the sample zone is being formed by 
the dispersion process. 
 
FIA is a solution handling technique that is applicable to a variety of tasks such as pH or 
conductivity, titration measurements, ions etc. For determinations that require 
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Besides the single line system, a variety of manifold configurations may be used to allow 
application to nearly any chemical system. The two-line system is the most commonly used, 
in which the sample is injected into an inert carrier, and then merges with the reagent. In this 
manner, the reagent is diluted by a constant amount throughout, even when the sample is 
injected, in contrast to the single line system. Reagent dilution by the sample in a single-line 
system is feasible so long as there is excess reagent (and D > 1) and the reagent does not 




Inductively Coupled Plasma Mass Spectrometry or ICP-MS is a popular analytical technique 
used for elemental determinations. This technique was initially introduced around 1983 
especially in geochemical analysis laboratories due to its superior detection capabilities for 
rare earth elements [114].  Some of the advantages that ICP-MS has over other techniques 
such as atomic absorption, optical emission spectrometry and ICP Atomic emission 
spectroscopy (ICP-AES) are as follows [114]:  
 
1. Detection limits for most elements equal to or are better than those obtained by 
Graphite Furnace Atomic Absorption Spectroscopy (GFAAS).  
2. Higher throughput than GFAAS  
3. The ability to handle both simple and complex matrices with a minimum of matrix 
interferences due to the high-temperature of the ICP source  
4. Superior detection capability to ICP-AES with the same sample throughput  
5. The ability to obtain isotopic information  
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An ICP-MS instrument is a combination of a high-temperature Inductively Coupled Plasma 
with a Mass Spectrometer. The source is the ICP which converts the atoms of the elements in 
the sample to ions which are then separated and detected by the MS. 
 
 
Figure 3-4 Schematic of the ICP source in and ICP-MS [113] 
 
 The diagram above gives an idea of the ICP source in an ICP-MS. There are coils in the ICP 
through which Argon gas flows. An RF coil is connected to a radio frequency generator and 
as power is supplied to the coil from the generator, electric and magnetic fields are created. 
Thus, when a spark is applied to argon gas follows these conditions, electrons are stripped off 
the argon atoms which in turn form argon ions. When these ions are caught in the oscillating 
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The elements once converted into ions are brought into the mass spectrometer via interface 
cones as shown in the figure below.  
 
 
Figure 3-5 an illustration of the sampler cone in an ICP-MS [113] 
 
This is the region where the ICP-MS transmits the ions travelling in the argon ion stream into 
the low pressure region of the MS by way of a vacuum created by the two interface cones i.e. 
the sampler and the skimmer. These are metal disks with a small hole (~1 mm) in the center 
and their purpose being; to sample the center portion of the ion beam coming from the ICP 
torch.  In order to restrict the flow of all ions into the MS region, a shadow stop or a similar 
device is used to block the photons coming in from the ICP torch which is also an intense 
source of light.  Since the diameters of the orifices in the cones are very small it introduces a 
limitation in the use of the ICP-MS in the form of Total Dissolved Solids or TDS. Generally, 
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it is recommended that samples have no more than 0.2% total dissolved solids (TDS) for best 
instrument performance and stability [114].  
 
The ions are then focussed by electrostatic lenses in the system. Since the electrostatic lenses 
are positively charged and so are the ions coming in, it helps to collect the ion beam and 
focus it into the centre where the aperture to the MS is located.  
 
The ions upon entering the spectrometer are separated by their mass-to-charge ratio. Usually, 
a quadrupole mass filer is used where 4 rods each 1cm in diameter and 15-20 cm long are 
arranged as shown in the figure. 
 
Figure 3-6 A quadrupole mass filter [113] 
 
Alternating AC and DC voltages are applied to opposite pairs of the rods and then switched 
along with an RF field rapidly.  In this way, an electrostatic filter is established that only 
allows ions of a single mass to charge ratio m/e to pass through the rods to the detector at any 
given time. The voltages on the rods can be switched at a very rapid rate which allows the 
mass filter to separate up to 2400 amu (atomic mass unit) per second. This allows a 
quadrupole ICP-MS to perform multi elemental analysis effectively.  
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The resolutions of quadrupole MS’s are anywhere between 0.7 to 1 amu which is sufficient 
for most routine applications. However there are instances where the resolution is not enough 
to separate overlapping molecular or isobaric interferences from the elemental isotope of 
interest.  
 
The ions, once separated by their mass to charge ratio, must be detected or counted by a 
suitable detector. The main function of a detector is to translate the number of ions hitting the 
detector into an electric signal which is measured and related to the number of atoms of that 
element in the sample via the use of calibration standards. The detectors usually have a 
negative charge on their surface in order to attract the positively charged ions that hit them. 
There also exists an amplifier which then amplifies the signal that is produced when the ions 
hit the detector, after which the concentration of the particular element is displayed on the 
screen of a computer.  
 
ICP-MS has now become very popular in laboratories and is a widely used tool for routine 
analysis and other research areas. ICP-MS is a flexible technique which offers better 
advantages over traditional techniques such as ICP-AES and AAS. The detection limits are 
equivalent or lower than those obtained by Graphite Furnace AAS.  
 
c) Total Suspended Solids 
 
“Total solids” is a term applied to the material residue that is left behind in a vessel upon 
evaporation of a sample and its subsequent drying in an oven at a defined temperature. The 
term also includes “total suspended solids” and “total dissolved solids”. Analyses for Total 
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Suspended Solids (TSS) and heavy metals were performed according to the 21
st
 edition of the 




1. Pre-combusted glass filter disks 0.45 µm 
2. Aluminium dishes 
3. Oven  
4. Weighing balance 
5. Filtering apparatus 
6. Vacuum pump 
 
Procedure 
1. Filters along with the aluminium dishes were initially weighed on the weighing 
balance and their initial weight was noted down. 
2. The filtering apparatus purchased from Millipore, (Figure 3-7) was assembled as 
shown in the figure with the pre-combusted filter disks placed in between.  
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Figure 3-7 Filtration apparatus 
 
 
3. 100 ml of a well mixed sample was poured into the apparatus and with the vacuum 
pump suction was created in order to separate out the residue from the dissolved 
phase. 
4. The filters were then placed back onto their respective aluminium dishes which were 
then kept in an oven pre heated to 105 
o
C. 
5. The filters were dried for at least one hour or more 
6. They were then weighed again in order to measure the final weight which was noted 
down as FW. 
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In order to measure the TSS concentration, the following formula was used.  
 
mg total suspended solids/L =  
Equation 3-1 Total Suspended Solids 
 
where, 
FW = final weight of the filter + the residue, mg and 




Analyses for dissolved metals were performed according to the 21
st
 edition of the Standard 
Methods for the Examination of Water; 3030 B [115]. 
 
Materials 
1. Pre conditioned filter disks 
2. Falcon tubes 
3. Filtering apparatus 
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1. The samples obtained were filtered as explained in section 3.2.5. 
2. 50 ml of the filtrate obtained were transferred to falcon tubes that were acid washed 
prior to use. 
3. The samples were preserved by adding HNO3 and the pH was reduced to pH 2.  
4. Samples were then stored at 4oC for analysis using ICP-AES. 
5. Samples were then analysed using the ICP-MS for dissolved metals. 
 





a) Chemicals and Adsorbent 
Nitrate and phosphate IC standards (1000 mg/L) for the experiments were purchased from 
Fluka (Singapore). Stock solutions of 100 mg/L were prepared from the standards. Granular 
Activated Carbon (GAC) was purchased from Sigma Aldrich (Singapore) and Zinc chloride 
(ZnCl2) was obtained from Sigma Aldrich (Singapore).  
 
b) Modification of GAC 
The activated carbon available was modified with Zinc Chloride (ZnCl2) purchased from 
Sigma Aldrich.  ZnCl2 was chemically transferred onto the surface of the GAC using the 
following method. A 1:1 ratio of GAC and ZnCl2 were mixed in 100 ml of aqueous solution 
at around 80
o
C for about an hour under constant stirring with a magnetic stirrer bar. The 
slurry was then kept in an oven whose temperature was set at 110
o
C followed by thermal 
activation at 500
o
C in a furnace. The activated GAC was then washed with 0.5M HCl and 
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then several times with de-ionized water to reach a final pH of about 5.2-5.6 [116].  The 
modified GAC was then dried and then kept in a dessicator for future use. A Scanning 
Electron Microscope equipped with EDX (JEOL, JSM-5600 LV) was used to determine 
whether Zn had indeed been impregnated on the surface of the GAC. 
 
c) Adsorption Experiments 
Batch adsorption experiments were conducted by bringing in contact 100 mg of GAC in 100 
ml of the solution of nitrate or phosphate, in Erlenmeyer flasks. The flasks were kept on a 
rotary shaker where the rotation speed was set at 160 rpm. The pH of the solutions was 
adjusted using 0.1M hydrochloric acid (HCl) or sodium hydroxide (NaOH) as the case 
maybe. After more than 8 to 10 hours of contact time, the samples were filtered to remove the 
activated carbon and the concentrations of the analytes were measured using the Flow 
Injection Analyzer (Quickchem 1500 series and using methods 10-107-04-1-A for nitrate and 
10-115-01-1-A for phosphate, respectively). 
 
pH edge studies (They are studies conducted to determine the optimal pH conditions for 
removal of the target compounds) were conducted for a range of pH values from 2 to 11. 





 for optimum pH conditions obtained from the pH edge 
experiments and kinetics were conducted similar to the isotherm experiments with samples 
being taken at regular intervals. Kinetics experiments were performed for at least 12 hours 
with up to 16 data points being plotted to observe the behaviour of adsorption.  
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The initial and the final concentrations of nitrate and phosphate were measured. The uptake 
of the analytes or the amount of analyte adsorbed was calculated from the differences in 




 initially added and the final 
concentrations in the supernatant as follows [117]: 
 
 
Equation 3-2 Uptake 
 




 in mg/g; C0 and Cf and the initial and equilibrium 
concentrations in the solution measured as mg/L; V is the volume of solution in L; and M is 
the mass of the adsorbent in g.  
 
d) Isotherm and Kinetic Modelling 
The adsorption isotherms that were obtained were studied using four different models which 
are expressed in their non-linear forms as follows [117]. All the model parameters were 
evaluated by using Sigma Plot (version 11.0, USA) software. 
 
Langmuir model:  
Equation 3-3 Langmuir model 
 
Freundlich model:  
Equation 3-4 Freundlich model 
 
Redlich-Peterson model:  
Equation 3-5 Redlich-Peterson model 
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Toth model:  
Equation 3-6 Toth model 
 
where Qmax is the maximum metal uptake (mg/g), b is the Langmuir equilibrium constant 
(L/mg), KF is the Freundlich constant (mg/g) (L/mg)1/n, n is the Freundlich constant, KRP is 
the Redlich-Peterson isotherm constant (L/g), aRP is the Redlich-Peterson isotherm constant 
(L/mg)1/_RP, _RP is the Redlich-Peterson model exponent, bT is the Toth model constant 
(L/mg), and nT is the Toth model exponent. 
 
The experimental biosorption kinetic data were modeled using pseudo-first and -second-order 
kinetics, which can be expressed in their nonlinear forms, as follows: 
 
Pseudo-first order kinetics model:  
Equation 3-7 Pseudo first order kinetic model 
 
Pseudo-second order kinetics model:  
Equation 3-8 Pseudo-second order kinetic model 
  
where, Qe is the amount of metal sorbed at equilibrium (mg/g), Qt is the amount of metal 
sorbed at time t (mg/g), k1 is the pseudo-first-order rate constant (1/min) and k2 is the pseudo-
second order rate constant (g/mg.min). All the model parameters were evaluated by nonlinear 
regression using Sigma Plot (version 11.0, USA) software. 
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Competitive adsorption of nitrate and phosphate was modelled based on the Sheindrof-
Rebhun-Sheintuch (SRS) equation as described below. An interaction factor was introduced 
in all these models to account solute-solute interactions and competitions. 
 
Sheindrof-Rebhun-Sheintuch (SRS) equation:  
Equation 3-9 Sheindrof-Rebhun-Sheintuch (SRS) equation 
 
where, relates to the amount of solute, i sorbed per unit weight of GAC in the presence of 
the solute j.  is the single component Freundlich constant for solute i, ni is the Freundlich 
exponent for solute i and  is the competitive coefficient.  
 
The calculation of the interaction factor for all binary models is based on minimizing the 
following error function: 
 
 
Equation 3-10 Error Function 
 
where, Qmeas and Qcal are measured and calculated uptake values (mg/g), respectively; n and p 
are the number of data points and parameters, respectively. 
 
 
To quantify the competitive effect, the selectivity factor was used and can be defined as: 
 
 
Equation 3-11 Selectivity Factor 
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where, Qeq and C0 represents equilibrium uptake and initial concentration of ions, 
respectively. The selectivity factor is useful to understand the preference of a sorbent towards 
a particular solute in a multicomponent system and also the possibility of selective separation 
of particular solute. 
 
e) Dosage: 
Experiments for the optimal amount of dosage for the removal were conducted based on the 
optimal parameters obtained in the previous experiments. The dosage of the adsorbent was 
varied from 10 mg to up to 80 mg in nitrate and phosphate solutions and the ideal dosage for 
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4. First Flush Analysis of Nutrients and 
Metals Emerging from a Construction 
Area  
 
4.1. Results and Discussions 
 
4.1.1. Hydrological data 
 
Runoff samples were collected from ten separate rain events over a period of approximately 
one year. The rainfall data pertaining to the events have been given in Table 4-1. From Table 
4-1, it can be observed that of the 10 events considered, rainfall with maximum intensities 
occurred on the 26
th
 January and the 30
th
 June reaching maximum intensities of 9.65 mm/h 
and 10.67 mm/h, respectively. The longest duration of rainfall was on the 2
nd
 December 2011 
during which the event lasted for 4 hours. From those 10 events that were studied, a total of 
181 runoff samples were collected and analyzed for TSS, nutrients and 8 trace metals, the 
results of which are presented and discussed in later sections of the manuscript.  It should be 
noted that each storm event is different in its characteristics, namely, the rainfall intensities, 
duration of rainfall and antecedent dry period before the event, thereby making it difficult to 
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Max Min Average 
1 11.11.2010 7.62 0.25 4.74 3 35 24 
2 02.12.2010 1.78 1.27 1.61 4 43 21 
3 03.12.2010 12.7 0.508 4.74 2 18 24 
4 08.12.2010 4.32 1.02 2.67 2 28 19 
5 25.01.2011 1.02 0.25 0.28 1.5 179 20 
6 26.01.2011 9.65 0.25 2.36 1.5 1 24 
7 05.04.2011 1.78 0.25 0.38 0.5 5 23 
8 30.06.2011 10.67 0.25 2.65 2 45 14 
9 25.07.2011 3.30 0.25 0.66 1 75 12 
10 25.08.2011 N.A N.A. N.A. N.A. N.A. N.A. 
 
4.1.2. Event Mean Concentrations 
 
Table 4-2 displays the event mean concentrations of the nutrients and the metals analyzed. 
The event mean concentrations were calculated according to the equations explained in 
Chapter 2 (Section 2.3). From the table, it can be observed that there is in general a high 
variability of the water quality parameters over different storm events. The nutrients have 
been measured in mg/L and the metals are in µg/L. An observation of the data obtained 
indicates that the variation between various water quality parameters is quite large. The 
variation of suspended solids concentration is a typical example. These values showed a large 
spread over the measurement period. As expected, suspended solids had the highest EMC 
value of 1726.64 mg/L on the 26
th
 January and an average EMC of 833.28 mg/L, followed by 
total nitrogen reaching a high value of 20.33 mg/L on the 5
th
 April 2011 with an average 
EMC value of 11.52 mg/L and Fe with a value of 31.58 mg/L on the 26
th
 January with a 
mean value of 5.25 mg/L.  The standard deviations obtained for the individual parameters 
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within the events showed a high degree of deviation. These variations indicated that the 
characteristics of pollutants emerging from the construction site had a high degree of 
variability which could be owing to the rainfall intensities, antecedent dry period and the 
duration of the rainfall. The large variation could also be due to the intense construction 
activities taking place at the catchment area 
                      
Table 4-2 Event Mean Concentrations  
Parameter Maximum Minimum Median Mean SD 
TSS (mg/L) 1726.64 123.90 817.84 833.28 528.29 
Nitrite (mg/L) 1.03 0.08 0.36 0.43 0.25 
Nitrate (mg/L) 4.22 1.30 2.62 2.83 1.24 
NH4+ (mg/L) 6.31 0.11 0.51 1.10 1.88 
TN (mg/L) 20.33 4.99 10.97 11.52 5.14 
OP (mg/L) 0.34 0.02 0.14 0.17 0.12 
Al (µg/L) 81.55 0.88 15.41 25.24 28.07 
Cd (µg/L) 0.95 0.03 0.07 0.23 0.33 
Co (µg/L) 5.79 0.02 0.15 1.06 2.01 
Cr (µg/L) 130.53 0.21 1.65 26.78 53.24 
Cu (µg/L) 204.98 3.92 5.39 36.68 67.62 
Fe (µg/L) 31575.83 160.92 188.69 5245.94 10619.12 
Mn (µg/L) 151.48 0.25 6.14 43.52 85.05 
Ni (µg/L) 119.50 0.91 2.02 18.50 37.45 
Pb (µg/L) 50.99 0.06 0.36 6.74 15.83 
Sr (µg/L) 700.48 40.92 75.57 212.47 267.66 
Zn (µg/L) 2192.04 27.57 65.05 337.05 676.17 
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4.1.3. Pollutograph analysis 
 
Runoff quality data and the stormwater flow data were combined together to obtain the 
pollutographs, as presented in figures 4-1 and 4-2 [17, 118]. The pollutographs of the events 
show varying trends which could be attributed to various factors such as antecedent dry 
period, intensity of rainfall, duration of rainfall, and intensity of activities in the construction 
area.  
 
4.1.4. Flow, TSS and other parameters 
 
As the sampling site was a construction area,  the high mass loading of suspended solids 
observed in the site, as evident from the concentrations observed in the EMC data in Table 4-
2, appeared to be related to the washout of the construction debris. It is clear from Figs 4-1 
that most of the peaks that occurred during the event of a storm did not necessarily follow the 
trend displayed by the flow rate of the water through the drain. On several occasions, peaks 
for the suspended solids occurring after the initial high flow rate due to the storm event 
subsided. One particular example was on the 8
th
 December 2010 when a very clear second 
peak appeared although the water flow rate had subsided considerably. This phenomenon 
could be due to a second flush that took place, or it could also be attributed to construction 
activities taking place on the sampling site. There were also events where there was no 
consistency in trends between the suspended solids peaks and the flow trend as can be seen in 
Fig 4-1. The events that took place on the 2
nd
 December 2010 and the 30
th
 June 2011 are 
typical examples where a mismatch between suspended solids and water flow rate was 
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Figure 4-1 TSS & Flow Vs Time pollutographs (time in min on the X-Axis and TSS Loading (mg/L) on the Y-Axis, flow rate (m
3
/hr) on the secondary Y-axis) 
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Figure 4-2 Nutrient/metal Loading & Flow Vs Time Pollutographs (time in min on the X-Axis and nutrient/metal Loading (mg/L) on the Y-Axis, flow rate (m
3
/hr) on the secondary Y-axis) 
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2010 was 1.61 mm/h with a maximum intensity of 1.78 mm/h and on the 30
th
 June 2011 was 
2.65 mm/h with a maximum intensity of 10.67 mm/h. Therefore, the characteristics of the 
rain events were entirely different in both cases. Hence, it can be observed that peaks that 
occurred during the storm event that took place on the 2
nd
 December 2010 were not 
necessarily due to the intensity of rain events as such, but could be more related to the other 
construction activities that probably led to higher suspended loadings.  On the other hand, 
rain intensity could have played a  significant role in the event that took place on the 30
th
  
June since the maximum intensity of rainfall was much higher during this event rather than 
on the 2
nd
  June.  
 




 and the 8
th
 December, the 
initial dry period, the duration of the event and the intensity of the rainfall and the duration of 
rainfall were found to vary significantly. Hence, the peaks that were observed in the 
pollutographs for these three events could be attributed to the effect of the storm event 
without the external factors coming into play. On the 11
th
 November and the 8
th
 December, 
the peak flow rate occurred early during the storm event while the suspended solids peak 
occurred much later. While on the 3
rd
 December, an opposite trend was observed in which the 
peak flow rate occurred much later than the suspended solids peak which appeared within 10 
minutes of the event. It should be noted that although the dry period before the event on the 
11
th
 November was of shorter duration, there was a high initial suspended solids peak which 
could be attributed to the activities such as dredging events that could have taken place at the 
sampling site location itself. 
 
The pollutographs (Figure 4-2) plotted for the nutrients also showed similar trends. It can be 
noticed that the temporal behavior of nutrients did not necessarily follow the characteristics 
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of the rain event. For instance, on the 5
th
 April 2011, it can be seen that although the 
stormwater flow rate decreased at a rapid rate, the concentrations all pollutant species under 
consideration maintained a constant level throughout the event. Most of the nutrients as 
observed from the pollutographs generally maintained a constant level suggesting that the 
concentration loading of nutrients from such a catchment area did not depend on the water 
flow rate.  As far as the metals are concerned, the peaks more or less followed a similar 
pattern with all the peaks occurring at same time intervals for the three events. The 
concentrations of Fe were found to be the maximum in the water samples followed by those 
of Zn and Pb, respectively. An interesting aspect to note is that, in the case of Fe, the peak for 
Fe for the event that took place on the 3
rd
  December occurred soon after the TSS peak which 
could indicate some association between the presence of Fe  and that of the suspended solids 
in the water samples.  
 
4.1.5. Dimensionless curve analysis for first flush 
 
The first flush analysis was done by plotting the cumulative runoff percentage against 
cumulative pollutant loading percentage. As explained in Chapter 2, Gieger’s principle was 
used to assess the presence of a first flush. The dimensionless curve analysis for the first flush 
showed very clearly the diverse nature of the rain events. It is apparent from the graphs (fig 
4-3) obtained for the TSS, nutrients and the metals that during each storm event, some water 
quality parameters showed the first flush phenomenon  while others did not. Since the land 
use considered in this study was a construction area, it can be expected that from such a 
catchment area there would be a significant first flush of suspended solids. However, there is 
a very visible early first flush phenomenon only in 2 out of 10 events while others showed a 
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 December and the 8
th
 December, it can be seen that they were very different 
events in terms of rain intensity. From data obtained, the intensity of rainfall was more or less 
constant on the 11
th
 November while on the 3
rd
 December, the intensity reached a maximum 
of up to 12mm/hr (Table 4-1) and on the 8
th
 of December, the intensity was quite low. 




 December and 8
th
 
December as a result of the analysis correspond very well to the intensities since during the 
first event, there seemed to be a uniform distribution of the pollutant loading over the entire 
sampling period indicating a moderate first flush. During the second event, there was a very 
distinct first flush taking place for almost all the parameters. As for the third storm event, 
there was a possibility of dilution taking place instead of any first flush. In the case of metals, 
the concentration data predicted a first flush of Mn in seven out of the ten storm events that 
have been analyzed, but not Fe which displayed the first flush phenomenon only in about two 
out of ten events. This is again contradictory to expectations since one would expect to see a 
high early flush of Fe since the concentrations of Fe were the highest among the metals 
analyzed. Again, comparing the first flush of the suspended solids to that of Fe, TSS 
displayed a first flush only in two out of ten events suggesting that there could indeed be a 





TREATMENT OF URBAN RUNOFF 
 






Figure 4-3 Dimensionless Curve Analysis (Cumulative pollutant loading % on y-axis and Cumulative flow % on x-axis) 
CHARACTERIZATION AND 
TREATMENT OF URBAN RUNOFF 
 




4.1.6. PCA plot  
 
Principle Component Analysis (PCA) plots were made for all the storm events and the 
individual events in order to determine the clustering of the various parameters considered. 
The PCA score plot (Figure 4-4) for the event mean concentrations was done which revealed 
that, during the earlier part of the sampling program i.e. during the initial stages of 
construction, the key pollutants derived from the construction site had high variability as can 





 December.  This separation probably indicates that diverse construction activities were 
taking place during the early stages and hence the separation can be observed in the plots. 
However, in the plot for the later part of the construction phase, the events were found to be 
clustered together indicating that the pollutants emerging from the construction area were 
probably from similar type of sources and behaved in a similar pattern as well.   
 
A further PCA plot was also done in order to ascertain the temporal behavior of the 
pollutants. The first five events were considered as the initial stages of construction while the 
last five were taken as the final stages. It can be observed that during both the initial and final 
stages of construction, the metals appeared to be clustered together indicating that the source 
from which metals were released into the runoff stream were probably similar sources.  On 
the other hand, the sources of nutrients during the initial stages seemed to be more varied 
than during the initial stages, as can be seen by the scattered nature of the points and during 
the last stages more clustered together apart from TN, nitrite and OP. This observation 
suggests that during the ending stages of construction, the pollutants released were more or 
less from similar sources or due to similar construction activities taking place in the 
catchment site.  
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4.1.7. A Comparison between construction runoff data and other land use types  
 
Storm water runoff emerging from different sources (roads, roofs etc) differs in their 
chemical characteristics. It may depend on the surface with which the stormwater comes into 
contact during its runoff and the pollutants emerging can cause a range of problems in the 
utilisation, detention and discharge of stormwater in the environment [22]. With these aspects 
in mind, a comparison of pollutants (Table 4-3) emerging from a few studies that have been 
conducted earlier is discussed in the sections below.  
 
TSS is one of the most important water quality parameters to be considered for investigation 
from a construction area.  A comparison of the TSS values reported from various studies that 
have been conducted in various other parts of the globe was made. It can be seen clearly that 
the maximum EMC value of TSS derived from a typical construction site is much higher than 
that from most other studies (Table 4-3). A detailed literature search was done by Gobel et al 
(2007) [119] where a compilation of distribution and the concentration of surface dependent 
runoff water was performed. A comparison of the EMCs suggests that the TSS concentration 
was clearly greater from a construction site than that from rainwater, any kind of roof runoff 
trafficked areas with low and high density.  In another separate study conducted by Huang et 
al (2007)  [118], the EMC  for TSS amongst three samples was 788.34 mg/L while in this 
case, the TSS value was much higher at 1726.64 mg/L.  In a study conducted in Iran, the 
Isfahan runoff quality parameters when compared to the construction site runoff loading 
revealed that, the construction runoff had higher TSS values as expected and while in the case 
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Figure 4-4  (A) PCA Plot showing the distribution of nutrients during the initial phase of the sampling period, (B) PCA Plot showing the distribution of nutrients 
during the final stages of the sampling period, (C) PCA plot Plot showing the date wise distribution of the sampling 
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The literature study by Göbel et al. also suggested that in the case of metals the EMC values 
of Pb and Zn were higher in roof runoff and trafficked areas with high density than from 
construction runoff. However, in the case of NO3
-
 the concentrations were higher again in 
roof runoff than those from a construction site.  A study conducted by Kim (2007) [120] 
showed that the TSS loading was found to be greater from the construction area than from 
this study’s findings. A comparison of the nitrate and total nitrogen concentrations emerging 
out from a livestock watershed reveals that, both the mass loads were higher from a livestock 
watershed than from a construction area [121] while the highest value for TN was 15.14 
mg/L in the study conducted by Huang et al which is again lower than that obtained in this 
study  (20.33 mg/L) [118]. These high values in TN could be attributed to the high degree of 
dredging activities that take place in a construction area which in turn could lead to leaching 
of nitrogenous compounds out into the runoff.  
 
4.2. Summary of findings 
 
The data presented has been obtained from the samples collected over a period of around 8 to 
9 months. The events were extremely varying in nature and it was hard to predict any kind of 





and some metals such as manganese showed a distinct first flush. It can be observed that 
during the first phase of construction i.e. the first 5 samples did not show any similar kind of 
behavior as observed from the PCA plots which indicated high variability. The events that 




5. An adsorption study for the removal of 
nutrients 
 
5.1. Results and Discussions 
 
5.1.1. Physico-chemical modification: 
 
The images (Figure 5-1) taken on the SEM and EDX show that there was an increase in the 
percentage of zinc on the GAC that has been exposed to ZnCl2. According to the EDX 
profile, the percentage by weight of Zn on the GAC increased from 0.47% to 3.69% and the 
atomic percentage increased from 0.09% to 0.66%. The thermal activation of the chemically 
Figure 5-1 (A) SEM and EDX profiles  of GAC before contact with ZnCl2, (B) SEM and EDX 
profiles of GAC after contact with ZnCl2 
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modified GAC, released the existing volatile organic compounds from the pores resulting in a 
more porous carbon material [122]. The resulting increase in pores led to the increase in the 
uptake of both nitrate and phosphate from solutions in a single solute system and binary 
system.  
 
5.1.2. Effect of pH 
 
 
It was found that both nitrate and phosphate were adsorbed onto GAC better in acidic 
conditions than in alkaline (Figure 5-2). The experimental observations study are supported 
by the modeling (explained in the next section) that was done using MINEQL (version 4.6)  
to establish that  acidic conditions favor the adsorption of both nitrate and phosphate  onto the 
surface of GAC. It is known that increasing the pH value would change the surface charge of 
adsorbents like GAC from positive to negative [123]. A study by Afkhami et al (2007) [124] 
suggested that an acid treatment of carbon cloth produced positive sites on the cloth due to 
adsorption of hydrogen ions onto adsorbents. Therefore at lower pH there is a possibility that 
such protonated sites are also developed in activated carbon, thereby increasing their uptake 
at lower pH values. In the case of nitrate it was observed that its uptake was the highest at 
low pH values of around 2-3. Two studies conducted by Chatterjee et al, 2009 that removal of 
nitrate occurs more at lower pH values [125, 126]. However, the results obtained in the 
present study contradict the results reported by Bhatnagar et al (2008). Their study reported 
better adsorption at alkaline pH conditions for coconut-derived GAC [127]. As far as 
phosphate ions are concerned, in the pH range of 2–6, phosphate removal probably occurs 




) [82]. In 
another study (Liu et al, 2011) which studied the adsorption of phosphate on lanthanum 
doped activated carbon fibre, it was observed that at pH  2–4, the amount of phosphate on 
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ACF-La first increased quickly with the increase in pH value, a slow decrease was seen till 











 concentrations = 10 mg/L; temperature = 23+/- 2C; agitation speed 160rpm) (B) 
Effect of pH of solution on the removal of nitrate and phosphate individually using modified GAC (initial 
NO3 and PO4 concentrations = 10 mg/L; temperature = 23+/- 2C; agitation speed 160rpm) 
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5.1.3. MINEQL Modelling 
 
The speciation of nitrate
 
and phosphate was analyzed using Mineql software (version.4.6). 
The graphs clearly show the speciation of nitrate
 
and phosphate, respectively at various pH 
values. It can be reasonably stated that the mechanism of adsorption was mainly due to ionic 
exchange since acidic conditions induced protonation on the surface of the activated carbon 
which in turn attracted the negative charges of these ions, thereby resulting in adsorption. It 
can also be observed that at higher pH values although phosphate ions are in the PO4
3-
 form 
there was no significant adsorption since there was insignificant protonation on the surface of 




Figure 5-3 (A) speciation of nitrate ion in a singular system, (B) speciation of phosphate ion in a singular 




5.1.4. Sorption isotherm 
 
The sorption isotherm indicates the distribution of adsorbate molecules between the liquid 
phase and the solid phase when the sorption process reaches an equilibrium state [85]. In 
essence, it is used to determine the maximum adsorption capacity of an adsorbent towards the 
solutes under consideration. The isotherm model parameters for the four models namely 
Langmuir, Freundlich, Redlich-Peterson and Toth and the isotherm graphs are shown in 
Table 5-1 and Figure 5-4, respectively. It is seen that the behavior of both nitrate and 
phosphate in single solute systems can be predicted consistently with high correlation 
coefficients (~0.99) using the four models. Traditionally, the Langmuir isotherm has been 
used in order to quantify and contrast the performance of different sorbents. Qmax and bL 
correspond to the maximum uptake achievable by the system and bL relates to the affinity 
between the sorbate and sorbent. From the model equation it can be seen that bL often 
characterizes the initial slope of the isotherm while Qmax is often referred to as the 
comparison factor in the performance of the sorbents [128, 129]   
 
Thus, in general a high Qmax and bL values characterize a good sorbent.  Comparing the Qmax 
and bL values (Table 1), it can be observed that Qmax is higher for nitrate while bL on the 
other hand is higher for phosphate indicating that although the uptake of nitrate is higher the 
affinity of GAC towards phosphate is higher. In spite of the higher affinity, the Qmax value for 
phosphate is less since at low pH phosphate ion is in its hydrolysed form [82] which is bigger 
in size and hence there is a shading effect leading to less binding sites for the other molecules 
to bind to the GAC. Very clearly the GAC impregnated with Zn performs much better than 
the normal commercially available Zn as is seen from the maximum uptake values (Qm). 
More than 2.5 times increase in the maximum uptake can be seen for nitrate while a threefold 
increase can be observed in the maximum uptake for phosphate using GAC modified with 
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ZnCl2. It is believed that GAC when modified with ZnCl2 results in higher microporosity and 
formation of zinc oxide in macro and mesopores resulting in enhanced nitrate adsorption [38, 
127]. Furthermore, the activation at 500
o
C produces more pores due to volatilization resulting 
in better adsorption capacities for GAC modified with ZnCl2 [38, 127]. The Freundlich 
isotherm initially was considered to be empirical in nature but was later interpreted as the 
sorption to heterogeneous surfaces or in other words, surfaces supporting sites of varied 
affinities [129]. This system resulted in good fit and high correlation coefficients for the 
Freundlich isotherm as well. KF refers to the binding capacity and n indicates the affinity. It 
can be observed that the binding capacity was higher for nitrate in both cases and is 
consistent with the Langmuir isotherm.  Additionally, the Redlich-Peterson equation was also 
used. It incorporates three parameters into an empirical isotherm and can be used for 
homogenous and heterogeneous systems. This model behaves according to the Henry’s law at 
low sorbate concentrations and at high concentrations it reduces to the Freundlich equation 
[129]. In the case of GAC, it can be seen that the KRP values were almost the same for both 
nitrate and phosphate but in the case of modified GAC, the values were much higher for 
nitrate than for phosphate. βRP values when close to unity imply that the data can be 
preferably fitted with the Langmuir model rather than with the Freundlich model. In the case 
of phosphate adsorption using GAC, the value was found to be less than unity and hence this 
data would better fit the Freundlich isotherm rather than the Langmuir isotherm. Finally the 
Toth model, which assumes an asymmetric quasi-Gaussian energy distribution, was also 
analyzed. The correlation coefficients obtained were high indicating a high degree of 
prediction for the isotherm. 
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Table 5-1 Single Isotherm model parameters 
  
Isotherm R2 b Qm k n krp arp B a b n 
Nitrate  
GAC  
Langmuir  0.9978  0.0029  49.0142  
        Freundlich  0.9919  
  
0.5828  0.637  
      Redlich  0.9978  
    
0.1409  3.10E-03  0.99  
   Toth  0.9978  
       
49.1529  0.0029  1.0032  
Modified 
GAC  
Langmuir  0.9945  0.0024  132.0871                          
Freundlich  0.9919  
  
1.1279  0.6785  
      Redlich  0.9945  
    
0.3216  3.20E-03  0.957  
   Toth  0.9945                       172.1484  0.002  1.2602  
Phosphate  
GAC  
Langmuir  0.9927  0.0047  17.4466                          
Freundlich  0.9926  
  
0.4844  0.53  
      Redlich  0.9953  
    
0.1552  7.75E-02  0.6741  
   Toth  0.9958                       48.6639  0.0045  2.4842  
Modified 
GAC  
Langmuir  0.9951  0.0029  56.1014  
        Freundlich  0.9839  
  
0.67  0.6389  
      Redlich  0.995  
    
0.1659  3.20E-03  0.99  
   Toth  0.997                       36.1706  0.0035  0.4585  
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 respectively; temperature = 23 +/- 2C; 










The adsorption equilibrium time is defined as the time required for the pollutant 
concentration to reach a constant value. The time point where there is no further increase in 
the concentration of either nitrate or phosphate is taken as the saturation point [39]. It was 
observed that saturation was achieved within about an hour and a half upon beginning of the 
experiment for both nitrate and phosphate respectively (Figure 5-5) and hence the reaction 
can be considered quite rapid. The rate constants, predicted equilibrium uptakes and the 
corresponding correlation coeﬃcients for all concentrations tested have been calculated and 
summarized in Table 2. The R
2
 values that are obtained show that the mechanism follows a 
pseudo-second order reaction kinetic process. It can also be observed that the pseudo-first 
order model slightly under predicts the behavior of the solutes during the adsorption process.  
 
In the first order model, it was observed that, the correlation coefficients did not go above 0.9 
for nitrate when either GAC or modified GAC was used. Similar kinds of results were 
obtained for phosphate also although the correlation coefficients in the case were much better 
than those that were observed in the case of nitrate behavior. It was also observed that the Qe 
that was obtained was less as compared to the predicted values indicating the insufficiency of 
the model to predict accurately the system behavior [130]. According to earlier studies this 
difference can be attributed to a time lag possibly due to a boundary layer or a resistance 
controlling at the beginning of adsorption [130]. It is also known that the first order model 
generally does not fit kinetic data very well for the whole range of contact time hence 
resulting in under prediction [130, 131]. In the case of pseudo-second order, the model is 
based on the solid phase sorption capacity and predicts the behavior over the whole range of 
the experiment. It is in agreement with the chemisorption mechanism which is the rate 
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limiting step [130, 132]. This proved to be a better model to be used since the coefficients 
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 SE Qe k 
Nitrate 
GAC 
Pseudo-first 0.8848 0.5219 4.8116 0.0383 
Pseudo-second 0.9593 0.3101 5.232 0.0115 
Modified 
GAC 
Pseudo-first 0.8289 0.6534 5.0663 0.0758 
Pseudo-second 0.9304 0.4166 5.5218 0.0182 
Phosphate 
GAC 
Pseudo-first 0.925 0.2861 3.7243 0.1244 
Pseudo-second 0.9781 0.1544 3.9093 0.0541 
Modified 
GAC 
Pseudo-first 0.9319 0.3007 4.3129 0.1881 





5.1.6. Dosage Response: 
 
Up to 80 mg of activated carbon was added in order to observe the removal percentages and 
it was seen that at beyond 40 mg it was not efficient to use more activated carbon to remove 

















Figure 5-6 (A) Dosage response curve for nitrate and phosphate using GAC, (B) Dosage response curve 







5.1.7. Competitive Adsorption 
 
In real conditions, nitrate and phosphate ions coexist and hence it is necessary to study their 
competitive effect on the adsorbent of interest. Figure 5-7 shows the experimental data of 
binary biosorption system of nitrate and phosphate with the pH set at around 3-4. 
 
Figure 5-7(A) Total nutrient uptake as the function of equilibrium concentration in the nitrate – 
phosphate binary biosorption system using GAC (equilibrium pH 3-4, temperature 25
o
C) , (B) Total 
nutrient uptake as the function of equilibrium concentration in the nitrate – phosphate binary 
biosorption system using modified GAC (equilibrium pH 3-4, temperature 25
o
C); Experimental results 
are shown by discrete points and mesh surface predicted by the SRS equation 
 
The model constants obtained from single-component isotherms were used to describe the 
binary isotherm data. The SRS equation, which assumes that there is an exponential 
distribution of adsorption energies available for each solute [133] was found to satisfactorily 
described the data. Figure 7 shows 3D plot of binary experimental data and predicted values 
of the model respectively. The selectivity factor as explained earlier gives us an idea of the 
preferential adsorption of one solute over the other. From calculations, the selectivity factor 
seemed to increase from 1.23 to 2.25 when experiments were performed with GAC. Thus, 
indicating that nitrate seems to be preferentially adsorbed to the GAC than phosphate. On the 
other hand when experiments were conducted using GAC modified with ZnCl2 the selectivity 
factor did not change much and remained around 1.9 ~ 2.0. The lesser degree of change 
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probably indicates the presence of more binding sites for both nitrate and phosphate for 
adsorption and hence lesser competition when modified GAC is used. It is to be noted that, 
the competition between nitrate and phosphate does affect the adsorption capacity of the 
adsorbent which reflect in the overall drop in the uptake of both nitrate and phosphate when 
they were competing with each other for the same binding sites. An interaction factor to 
account for the solute-solute interaction and competition was also introduced in order to more 
accurately predict the behavior of these ions in solution. In general a lower value for 
interaction factor relates to better competition of that particular solute [133, 134]. In this case, 
the interaction factor was lower for nitrate than phosphate in both cases namely GAC and 
modified GAC, thus leading us to the conclusion that nitrate ions are better adsorbed and 




6. Conclusions & Recommendations 
 
6.1. Conclusions from the runoff work  
 
The data obtained from the samples collected over a period of around 8 to 9 months indicated 
that in most cases, there are a few water quality parameters which showed a constant first 
flush in most events. The events were extremely varying in nature and it was hard to predict 
any kind of trend that emerges from the runoff from construction areas except in the cases of 




) and some 
metals such as manganese showed a distinct first flush. It is also observed that during the first 
phase of construction i.e. the first 5 samples did not show any similar kind of behavior as 
observed from the PCA plots which indicated high variability. The events that took place 
during the end phase of construction seemed to behave in a more or less similar manner. This 
may be attributed to less diverse activities that took place during the last stage of the 
construction phase while during the initial phase dredging activities tended to destabilise a lot 
of suspended materials which presumably ended up in the runoff streams during storm 
events. A construction area in general is a temporary land use type which generates a certain 
characteristic set of pollutants which display a high degree of variation within the same 
sampling event and between sampling events as well. The pollutants emerging from a 
construction area and its impact on the environment would also depend on the duration of 
construction, land area used for construction, materials used and not to mention natural 
factors as well. Hence, detailed investigations are warranted to understand the behavior of 
pollutants emerging from construction areas. It will be necessary to include more sampling 
events at representative construction sites with varying areas and duration of construction to 
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obtain a comprehensive picture of the nature of pollutants and their impact on the 
environment.  
6.2. Adsorption study conclusions 
 
From the data obtained for the adsorption of nitrate and phosphate using GAC and modified 
GAC, it can be concluded that GAC as such may not be suitable for the removal of nitrate 
and phosphate. It should be noted however that chemical modification of the surface in GAC 
can lead to a better adsorption of nitrate and phosphate. Modelling and laboratory based 
experiments conducted in this study, indicate that better adsorption took place for both nitrate 
and phosphate at lower pH values. Nitrates and phosphates occur in tandem in the 
environment and it is imperative to understand the behavior of the same in 
competition/binary component system. Again, in this case, the ZnCl2-modified GAC resulted 
in better removal, when nitrates and phosphates were present simultaneously. This study thus 
provides an understanding of the behavior of nitrates and phosphates in singular and binary 
systems which can serve as a basis for better and efficient modification techniques to be 























1. Organization, W.H., Guidelines for Drinking-water Quality. 3 ed. Vol. 1. 2008. 
2. Diersing, N., Water Quality: Frequently Asked Questions, F.K.N.M. Sanctuary, Editor 
2009. 
3. Johnson, D.L., et al., Meanings of environmental terms. Journal of Environmental 
Quality, 1997. 26(3): p. 581-589. 
4. (EPA), U.S.E.P.A., Water Quality Standards Review and Revision 2006. 
5. Linsley, R.K.F., Joseph B, Water Resources Engineering1972: McGraw-Hill. 
6. Organization, W.H., Consensus of the Meeting: Nutrient minerals in drinking-water 
and the potential health consequences of long-term consumption of demineralized and 
remineralized and altered mineral content drinking-waters, 2004. 
7.  ; Available from: http://www.law.cornell.edu/uscode/text/33/1342. 
8. (EPA), U.S.E.P.A., National Management Measures to Control Nonpoint Source 
Pollution from Agriculture2003. 
9. (EPA), U.S.E.P.A., National Water Quality Inventory: Report to Congress; 2002 
Reporting Cycle2007. 
10. Booth, D.B. and C.R. Jackson, Urbanization of aquatic systems: Degradation 
thresholds, stormwater detection, and the limits of mitigation. Journal of the 
American Water Resources Association, 1997. 33(5): p. 1077-1090. 
11. Line, D.E. and N.M. White, Effects of development on runoff and pollutant export. 
Water Environment Research, 2007. 79(2): p. 185-190. 
12. Farmer, J.G., et al., Assessment and modelling of the environmental chemistry and 
potential for remediative treatment of chromium-contaminated land. Environmental 
Geochemistry and Health, 1999. 21(4): p. 331-337. 
13. Jennings, D.B. and S.T. Jarnagin, Changes in anthropogenic impervious surfaces, 
precipitation and daily streamflow discharge: a historical perspective in a mid-
atlantic subwatershed. Landscape Ecology, 2002. 17(5): p. 471-489. 
14. Davis, B.S. and G.F. Birch, Catchment-wide assessment of the cost-effectiveness of 
stormwater remediation measures in urban areas. Environmental Science & Policy, 
2009. 12(1): p. 84-91. 
15. Brezonik, P.L. and T.H. Stadelmann, Analysis and predictive models of stormwater 
runoff volumes, loads, and pollutant concentrations from watersheds in the Twin 
Cities metropolitan area, Minnesota, USA. Water Research, 2002. 36(7): p. 1743-
1757. 
16. Joshi, U.M. and R. Balasubramanian, Characteristics and environmental mobility of 
trace elements in urban runoff. Chemosphere, 2010. 80(3): p. 310-318. 
17. Lee, J.H. and K.W. Bang, Characterization of urban stormwater runoff. Water 
Research, 2000. 34(6): p. 1773-1780. 
18. Taebi, A. and R.L. Droste, Pollution loads in urban runoff and sanitary wastewater. 
Science of the Total Environment, 2004. 327(1-3): p. 175-184. 
19. McPherson, T.N., et al., Trace metal pollutant load in urban runoff from a Southern 
California watershed. Journal of Environmental Engineering-Asce, 2005. 131(7): p. 
1073-1080. 
20. Chang, M. and C.M. Crowley, Preliminary-Observations on Water-Quality of Storm 




21. Makepeace, D.K., D.W. Smith, and S.J. Stanley, Urban Stormwater Quality - 
Summary of Contaminant Data. Critical Reviews in Environmental Science and 
Technology, 1995. 25(2): p. 93-139. 
22. Eriksson, E., et al., Selected stormwater priority pollutants - a European perspective. 
Science of the Total Environment, 2007. 383(1-3): p. 41-51. 
23. Tuccillo, M.E., Size fractionation of metals in runoff from residential and highway 
storm sewers. Science of the Total Environment, 2006. 355(1-3): p. 288-300. 
24. USEPA, National Water Quality Inventory. 2000 Report. 2002. 
25. USEPA, An Determination of Metals and Trace Elements in Water and Wastes by 
Inductively Coupled Plasma-Atomic Emission Spectrometry. 1994. 
26. Bedan, E.S. and J.C. Clausen, Stormwater Runoff Quality and Quantity From 
Traditional and Low Impact Development Watersheds(1). Journal of the American 
Water Resources Association, 2009. 45(4): p. 998-1008. 
27. Bertrand-Krajewski, J.L., G. Chebbo, and A. Saget, Distribution of pollutant mass vs 
volume in stormwater discharges and the first flush phenomenon. Water Research, 
1998. 32(8): p. 2341-2356. 
28. Agyei, N.M., C.A. Strydom, and J.H. Potgieter, The removal of phosphate ions from 
aqueous solution by fly ash, slag, ordinary Portland cement and related blends. 
Cement and Concrete Research, 2002. 32(12): p. 1889-1897. 
29. Gangoli, N. and G. Thodos, Phosphate Adsorption Studies. Journal Water Pollution 
Control Federation, 1973. 45(5): p. 842-849. 
30. Karageorgiou, K., M. Paschalis, and G.N. Anastassakis, Removal of phosphate 
species from solution by adsorption onto calcite used as natural adsorbent. Journal of 
Hazardous Materials, 2007. 139(3): p. 447-452. 
31. Li, Z.H. and R.S. Bowman, Retention of inorganic oxyanions by organo-kaolinite. 
Water Research, 2001. 35(16): p. 3771-3776. 
32. Ozacar, M., Adsorption of phosphate from aqueous solution onto alunite. 
Chemosphere, 2003. 51(4): p. 321-327. 
33. Zhao, D.Y. and A.K. Sengupta, Ultimate removal of phosphate from wastewater 
using a new class of polymeric ion exchangers. Water Research, 1998. 32(5): p. 1613-
1625. 
34. Orlando, U.S., et al., Preparation of agricultural residue anion exchangers and its 
nitrate maximum adsorption capacity. Chemosphere, 2002. 48(10): p. 1041-1046. 
35. Hamoudi, S., et al., Adsorptive removal of nitrate and phosphate anions from aqueous 
solutions using functionalised SBA-15: Effects of the organic functional group. 
Canadian Journal of Chemical Engineering, 2012. 90(1): p. 34-40. 
36. Wu, F.C. and R.L. Tseng, High adsorption capacity NaOH-activated carbon for dye 
removal from aqueous solution. Journal of Hazardous Materials, 2008. 152(3): p. 
1256-1267. 
37. Zaini, M.A.A., Y. Amano, and M. Machida, Adsorption of heavy metals onto 
activated carbons derived from polyacrylonitrile fiber. Journal of Hazardous 
Materials, 2010. 180(1-3): p. 552-560. 
38. Bhatnagar, A. and M. Sillanpaa, A review of emerging adsorbents for nitrate removal 
from water. Chemical Engineering Journal, 2011. 168(2): p. 493-504. 
39. Cho, D.W., et al., Adsorption of nitrate and Cr(VI) by cationic polymer-modified 
granular activated carbon. Chemical Engineering Journal, 2011. 175: p. 298-305. 
40. Zhang, R., et al., Characteristics of organic phosphorus fractions in different trophic 
sediments of lakes from the middle and lower reaches of Yangtze River region and 
Southwestern Plateau, China. Environmental Pollution, 2008. 152(2): p. 366-372. 
 96 
 
41. Ramm, K. and V. Scheps, Phosphorus balance of a polytrophic shallow lake with the 
consideration of phosphorus release. Hydrobiologia, 1997. 342: p. 43-53. 
42. Katsaounos, C.Z., et al., Speciation of phosphorus fractionation in river sediments by 
explanatory data analysis. Water Res, 2007. 41(2): p. 406-18. 
43. Pardo, P., G. Rauret, and J.F. Lopez-Sanchez, Shortened screening method for 
phosphorus fractionation in sediments - A complementary approach to the standards, 
measurements and testing harmonised protocol. Analytica Chimica Acta, 2004. 
508(2): p. 201-206. 
44. Jarvie, H.P., et al., Role of river bed sediments as sources and sinks of phosphorus 
across two major eutrophic UK river basins: the Hampshire Avon and Herefordshire 
Wye. Journal of Hydrology, 2005. 304(1-4): p. 51-74. 
45. Ruban, V., Rauret, G., López-Sánchez, J.F., Muntau, H., Quevauviller, Ph., The 
Certification of Extractable Contents (Mass fractions) of phosphorus in freshwater 
sediment following a five-step extraction procedure, in BCR information Reference 
Materials.2001. 
46. Lai, D.Y. and K.C. Lam, Phosphorus retention and release by sediments in the 
eutrophic Mai Po Marshes, Hong Kong. Mar Pollut Bull, 2008. 57(6-12): p. 349-56. 
47. Alvarez-Rogel, J., F.J. Jimenez-Carceles, and C. Egea-Nicolas, Phosphorus retention 
in a coastal salt marsh in SE Spain. Science of the Total Environment, 2007. 378(1-
2): p. 71-74. 
48. Herbert, R.A., Nitrogen cycling in coastal marine ecosystems. Fems Microbiology 
Reviews, 1999. 23(5): p. 563-590. 
49. Jorgensen, B.B. and N.P. Revsbech, Oxygen-Uptake, Bacterial Distribution, and 
Carbon-Nitrogen-Sulfur Cycling in Sediments from the Baltic Sea North-Sea 
Transition. Ophelia, 1989. 31(1): p. 29-49. 
50. Hines, M.E., S.L. Knollmeyer, and J.B. Tugel, Sulfate Reduction and Other 
Sedimentary Biogeochemistry in a Northern New-England Salt-Marsh. Limnology 
and Oceanography, 1989. 34(3): p. 578-590. 
51. Lohse, L., et al., Nitrogen Cycling in North-Sea Sediments - Interaction of 
Denitrification and Nitrification in Offshore and Coastal Areas. Marine Ecology-
Progress Series, 1993. 101(3): p. 283-296. 
52. Jensen, M.H., E. Lomstein, and J. Sorensen, Benthic Nh4+ and No3- Flux Following 
Sedimentation of a Spring Phytoplankton Bloom in Aarhus Bight, Denmark. Marine 
Ecology-Progress Series, 1990. 61(1-2): p. 87-96. 
53. Goldhaber, M.B., et al., Sulfate Reduction, Diffusion, and Bioturbation in Long-Island 
Sound Sediments - Report of Foam Group. American Journal of Science, 1977. 
277(3): p. 193-237. 
54. Blackburn, T.H. and K. Henriksen, Nitrogen Cycling in Different Types of Sediments 
from Danish Waters. Limnology and Oceanography, 1983. 28(3): p. 477-493. 
55. Rahman, A.K.M.M., Al Bakri, D, Eutrophication and Algal Blooms in Inland 
Reservoirs: A Case Study from Australia, in Land and Water Management; Orange 
Agricultural College; The University of Sydney: Australia. http://www.eng-
consult.com/BEN/papers/Paper-mrahman.PDF 
56. Smol, J., Eutrophication: the environmental consequences of over-fertilization. 
Pollution of Lakes and Rivers: A Paleoenvironmental Perspective2008: Blackwell 
Publishing. 
57. Smith, V.H., Eutrophication. Pollution and Remediation, 2009: p. 13. 
58. Understanding and Reducing the Effects of Nutrient Pollution. Coastal Waters: 
National Research Council 2000, Washington D.C.: National Academy Press. 
 97 
 
59. Sengupta, S. and A. Pandit, Selective removal of phosphorus from wastewater 
combined with its recovery as a solid-phase fertilizer. Water Research, 2011. 45(11): 
p. 3318-30. 
60. Yin, H., et al., Phosphate removal from wastewaters by a naturally occurring, 
calcium-rich sepiolite. Journal of Hazardous Materials, 2011. 198: p. 362-9. 
61. O’Neil, J.M., Davis, T.W., Burford, M.A., Gobler, C.J., The rise of harmful 
cyanobacteria blooms: The potential roles of eutrophication and climate change. 
Harmful Algae, 2012. 14: p. 22. 
62. Lapointe, B.E., Simultaneous top-down and bottom-up forces control macroalgal 
blooms on coral reefs - (Reply to the comment by Hughes et al.). Limnology and 
Oceanography, 1999. 44(6): p. 1586-1592. 
63. Caraco, N.F., J.J. Cole, and G.E. Likens, Evidence for Sulfate-Controlled Phosphorus 
Release from Sediments of Aquatic Systems. Nature, 1989. 341(6240): p. 316-318. 
64. Caraco, N., J. Cole, and G.E. Likens, A Comparison of Phosphorus Immobilization in 
Sediments of Fresh-Water and Coastal Marine Systems. Biogeochemistry, 1990. 9(3): 
p. 277-290. 
65. Joshi, U.M., Vijayaraghavan, K., Balasubramanian, R., Elemental composition of 
urban street dusts and their dissolution characteristics in various aqueous media. 
Chemosphere, 2009. 77(4): p. 8. 
66. Betti, M. and P. Papoff, Trace-Elements - Data and Information in the 
Characterization of an Aqueous Ecosystem. Crc Critical Reviews in Analytical 
Chemistry, 1988. 19(4): p. 271-322. 
67. Jasleen. Food metal detectors. 2012; Available from: 
http://eatgreen.foodandwaterinstitute.org/?p=798. 
68. Janetti, E.B., et al., Mobility and Interaction of Heavy Metals in a Natural Soil. 
Transport in Porous Media, 2013. 97(3): p. 295-315. 
69. Sansalone, J.J. and S.G. Buchberger, Partitioning and first flush of metals in urban 
roadway storm water. Journal of Environmental Engineering-Asce, 1997. 123(2): p. 
134-143. 
70. Lee, J.H., et al., First flush analysis of urban storm runoff. Science of the Total 
Environment, 2002. 293(1-3): p. 163-175. 
71. Zanoni, A.E., Characteristics and Treatability of Urban Runoff Residuals. Water 
Research, 1986. 20(5): p. 651-659. 
72. Colston, N.V., Characterization and Treatment of Urban Land Runoff. 1974. 
73. Sansalone, J.J., et al., Physical characteristics of urban roadway solids transported 
during rain events. Journal of Environmental Engineering-Asce, 1998. 124(5): p. 427-
440. 
74. Charbeneau, R.J. and M.E. Barrett, Evaluation of methods for estimating stormwater 
pollutant loads. Water Environment Research, 1998. 70(7): p. 1295-1302. 
75. Gupta, K. and A.J. Saul, Specific relationships for the first flush load in combined 
sewer flows. Water Research, 1996. 30(5): p. 1244-1252. 
76. Samuel D. Faust, O.M.A., Adsorption Processes for Water Treatment 1987, United 
States of America: Butterworth Publishers. 
77. Robert M. C., B.W.L.J., Granular activated carbon : design, operation, and 
cost1989: Lewis Publishers. 
78. Huang, C.P., H.W. Wang, and P.C. Chiu, Nitrate reduction by metallic iron. Water 
Research, 1998. 32(8): p. 2257-2264. 
79. Abou Taleb, M.F., et al., Adsorption and desorption of phosphate and nitrate ions 
using quaternary (polypropylene-g-N,N-dimethylamino ethylmethacrylate) graft 
copolymer. Journal of Hazardous Materials, 2008. 159(2–3): p. 372-379. 
 98 
 
80. Park, J.-Y., et al., Cement paste column for simultaneous removal of fluoride, 
phosphate, and nitrate in acidic wastewater. Chemosphere, 2008. 70(8): p. 1429-
1437. 
81. Schick, J., et al., Batch-wise nitrate removal from water on a surfactant-modified 
zeolite. Microporous and Mesoporous Materials, 2010. 132(3): p. 395-400. 
82. Oğuz, E., A. Gürses, and N. Canpolat, Removal of phosphate from wastewaters. 
Cement and Concrete Research, 2003. 33(8): p. 1109-1112. 
83. Wang, S.-L., et al., Phosphate removal from water using lithium intercalated gibbsite. 
Journal of Hazardous Materials, 2007. 147(1–2): p. 205-212. 
84. Garoma, T. and J. Kocher, Investigation of surfactant-modified activated carbon for 
recycled water disinfection. Water Science and Technology, 2010. 62(8): p. 1755-
1766. 
85. Li, Y.Z., et al., Phosphate removal from aqueous solutions using raw and activated 
red mud and fly ash. Journal of Hazardous Materials, 2006. 137(1): p. 374-383. 
86. Deliyanni, E.A., Peleka, E.N., Lazaridis, N. K., Comparative study of phosphates 
removal from aqueous solutions by nanocrystalline akagan´eite and hybrid 
surfactant-akagan´eite. Separation and Purification Technology, 2007. 52: p. 8. 
87. Saha, B., S. Chakraborty, and G. Das, A mechanistic insight into enhanced and 
selective phosphate adsorption on a coated carboxylated surface. J Colloid Interface 
Sci, 2009. 331(1): p. 21-26. 
88. Peleka, E.N. and E.A. Deliyanni, Adsorptive removal of phosphates from aqueous 
solutions. Desalination, 2009. 245(1-3): p. 357-371. 
89. Xue, Y.J., H.B. Hou, and S.J. Zhu, Characteristics and mechanisms of phosphate 
adsorption onto basic oxygen furnace slag. Journal of Hazardous Materials, 2009. 
162(2-3): p. 973-980. 
90. Zhang, G., et al., Removal of phosphate from water by a Fe-Mn binary oxide 
adsorbent. J Colloid Interface Sci, 2009. 335(2): p. 168-74. 
91. Triantafyllidis, K.S., et al., Iron-modified hydrotalcite-like materials as highly 
efficient phosphate sorbents. J Colloid Interface Sci, 2010. 342(2): p. 427-436. 
92. Xu, X., et al., Preparation, characterization of wheat residue based anion exchangers 
and its utilization for the phosphate removal from aqueous solution. Carbohydrate 
Polymers, 2010. 82(4): p. 1212-1218. 
93. Islam, M. and R. Patel, Synthesis and physicochemical characterization of Zn/Al 
chloride layered double hydroxide and evaluation of its nitrate removal efficiency. 
Desalination, 2010. 256(1-3): p. 120-128. 
94. Zheng, Y.A. and A.Q. Wang, Nitrate Adsorption Using Poly(dimethyl diallyl 
ammonium chloride)/Polyacrylamide Hydrogel. Journal of Chemical and Engineering 
Data, 2010. 55(9): p. 3494-3500. 
95. Zhang, J.D., et al., Adsorption behavior of phosphate on lanthanum(III)-coordinated 
diamino-functionalized 3D hybrid mesoporous silicates material. Journal of 
Hazardous Materials, 2011. 186(1): p. 76-83. 
96. Chiban, M., et al., Characterization and Application of Dried Plants to Remove 
Heavy Metals, Nitrate, and Phosphate Ions from Industrial Wastewaters. Clean-Soil 
Air Water, 2011. 39(4): p. 376-383. 
97. Awual, M.R., et al., A weak-base fibrous anion exchanger effective for rapid 
phosphate removal from water. Journal of Hazardous Materials, 2011. 188(1-3): p. 
164-171. 
98. Lin, Y.F., et al., Application of magnetite modified with aluminum/silica to adsorb 
phosphate in aqueous solution. Journal of Chemical Technology and Biotechnology, 
2011. 86(11): p. 1449-1456. 
 99 
 
99. Delaney, P., et al., Development of chemically engineered porous metal oxides for 
phosphate removal. Journal of Hazardous Materials, 2011. 185(1): p. 382-391. 
100. Liu, J.Y., et al., Effect of pH, ionic strength, and temperature on the phosphate 
adsorption onto lanthanum-doped activated carbon fiber. J Colloid Interface Sci, 
2011. 364(2): p. 490-496. 
101. Schick, J., et al., Nitrate sorption from water on a Surfactant-Modified Zeolite. Fixed-
bed column experiments. Microporous and Mesoporous Materials, 2011. 142(2-3): p. 
549-556. 
102. Yin, H.B., et al., Phosphate removal from wastewaters by a naturally occurring, 
calcium-rich sepiolite. Journal of Hazardous Materials, 2011. 198: p. 362-369. 
103. Zhan, Y.H., J.W. Lin, and Z.L. Zhu, Removal of nitrate from aqueous solution using 
cetylpyridinium bromide (CPB) modified zeolite as adsorbent. Journal of Hazardous 
Materials, 2011. 186(2-3): p. 1972-1978. 
104. Zhang, J.D., et al., Removal of phosphate by Fe-coordinated amino-functionalized 3D 
mesoporous silicates hybrid materials. Journal of Environmental Sciences-China, 
2011. 23(2): p. 199-205. 
105. Sengupta, S. and A. Pandit, Selective removal of phosphorus from wastewater 
combined with its recovery as a solid-phase fertilizer. Water Res, 2011. 45(11): p. 
3318-3330. 
106. Das Gupta, M., P. Loganathan, and S. Vigneswaran, Adsorptive Removal of Nitrate 
and Phosphate from Water by a Purolite Ion Exchange Resin and Hydrous Ferric 
Oxide Columns in Series. Separation Science and Technology, 2012. 47(12): p. 1785-
1792. 
107. Katal, R., et al., Kinetic, isotherm and thermodynamic study of nitrate adsorption 
from aqueous solution using modified rice husk. Journal of Industrial and Engineering 
Chemistry, 2012. 18(1): p. 295-302. 
108. Xu, X., et al., Nitrate removal from aqueous solution by Arundo donax L. reed based 
anion exchange resin. Journal of Hazardous Materials, 2012. 203: p. 86-92. 
109. Lu, J.B., et al., Adsorptive removal of phosphate by a nanostructured Fe-Al-Mn 
trimetal oxide adsorbent. Powder Technology, 2013. 233: p. 146-154. 
110. Nur, T., et al., Effectiveness of purolite A500PS and A520E ion exchange resins on 
the removal of nitrate and phosphate from synthetic water. Desalination and Water 
Treatment, 2012. 47(1-3): p. 50-58. 
111. Sasai, R., W. Norimatsu, and Y. Matsumoto, Nitrate-ion-selective exchange ability of 
layered double hydroxide consisting of MgII and FeIII. Journal of Hazardous 
Materials, 2012. 215-216: p. 311-4. 
112. Lee, C.G., J.A. Park, and S.B. Kim, Phosphate removal from aqueous solutions using 
slag microspheres. Desalination and Water Treatment, 2012. 44(1-3): p. 229-236. 
113. Lee, Y.C., et al., Removal of F-, NO3-, and PO43- ions from aqueous solution by 
aminoclays. Journal of Industrial and Engineering Chemistry, 2012. 18(3): p. 871-
875. 
114. Wolf, R.E. What is ICP-MS?… and more importantly, what can it do? 2005. 
115. Andrew, E.D., Mary Ann, F.H., Standard Methods for Examination of Water and 
Wastewater2005, Washington D.C: American Public Health Association. 
116. Khan, M.A., et al., Adsorption Studies for the Removal of Nitrate Using Modified 
Lignite Granular Activated Carbon. Separation Science and Technology, 2011. 
46(16): p. 2575-2584. 
117. Vijayaraghavan, K., et al., Biosorption of As(V) onto the Shells of the Crab (Portunus 
sanguinolentus): Equilibrium and Kinetic Studies. Industrial & Engineering 
Chemistry Research, 2009. 48(7): p. 3589-3594. 
 100 
 
118. Huang, J.L., et al., Characterization of surface runoff from a subtropics urban 
catchment. Journal of Environmental Sciences-China, 2007. 19(2): p. 148-152. 
119. Gobel, P., C. Dierkes, and W.C. Coldewey, Storm water runoff concentration matrix 
for urban areas. Journal of Contaminant Hydrology, 2007. 91(1-2): p. 26-42. 
120. Kim, G., J. Yur, and J. Kim, Diffuse pollution loading from urban stormwater runoff 
in Daejeon city, Korea. Journal of Environmental Management, 2007. 85(1): p. 9-16. 
121. Kato, T., H. Kuroda, and H. Nakasone, Runoff characteristics of nutrients from an 
agricultural watershed with intensive livestock production. Journal of Hydrology, 
2009. 368(1-4): p. 79-87. 
122. Moonis Ali Khan, Y.-T.A., Mahendra Kumar, Wontae Lee, Booki Min, Gyoobum 
Kim, Dong-Wan Cho, Won Bae Park, Byong-Hun Jeon, Adsorption Studies for the 
Removal of Nitrate Using Modified Lignite Granular Activated Carbon. Separation 
Science and Technology, 2012(46): p. 10. 
123. Liu, J.Y., et al., Effect of pH, ionic strength, and temperature on the phosphate 
adsorption onto lanthanum-doped activated carbon fiber. Journal of Colloid and 
Interface Science, 2011. 364(2): p. 490-496. 
124. Afkhami, A., T. Madrakian, and Z. Karimi, The effect of acid treatment of carbon 
cloth on the adsorption of nitrite and nitrate ions. Journal of Hazardous Materials, 
2007. 144(1-2): p. 427-431. 
125. Chatterjee, S., et al., Nitrate removal from aqueous solutions by cross-linked chitosan 
beads conditioned with sodium bisulfate. Journal of Hazardous Materials, 2009. 
166(1): p. 508-513. 
126. Chatterjee, S. and S.H. Woo, The removal of nitrate from aqueous solutions by 
chitosan hydrogel beads. Journal of Hazardous Materials, 2009. 164(2-3): p. 1012-
1018. 
127. Bhatnagar, A., et al., Removal of nitrate from water by adsorption onto zinc chloride 
treated activated carbon. Separation Science and Technology, 2008. 43(4): p. 886-
907. 
128. Vijayaraghavan, K. and Y.S. Yun, Bacterial biosorbents and biosorption. 
Biotechnology Advances, 2008. 26(3): p. 266-291. 
129. Vijayaraghavan, K., H.Y.N. Winnie, and R. Balasubramanian, Biosorption 
characteristics of crab shell particles for the removal of manganese(II) and zinc(II) 
from aqueous solutions. Desalination, 2011. 266(1-3): p. 195-200. 
130. Vijayaraghavan, K., K. Palanivelu, and M. Velan, Biosorption of copper(II) and 
cobalt(II) from aqueous solutions by crab shell particles. Bioresource Technology, 
2006. 97(12): p. 1411-1419. 
131. Ho, Y.S. and G. McKay, Sorption of dye from aqueous solution by peat. Chemical 
Engineering Journal, 1998. 70(2): p. 115-124. 
132. Reddad, Z., et al., Adsorption of several metal ions onto a low-cost biosorbent: 
Kinetic and equilibrium studies. Environmental Science & Technology, 2002. 36(9): 
p. 2067-2073. 
133. Vijayaraghavan, K. and R. Balasubramanian, Single and binary biosorption of cerium 
and europium onto crab shell particles. Chemical Engineering Journal, 2010. 163(3): 
p. 337-343. 
134. Vijayaraghavan, K.a.J., U.M., Application of Ulva sp. Biomass for Single and Binary 
Biosorption of Chromium(III) and Manganese(II) Ions: Equilibrium Modeling. 










Method 10-107-04-1-A  
Determination of Nitrate/Nitrite in Surface and Wastewaters by 
Flow Injection Analysis 
REAGENTS AND STANDARDS  
PREPARATION OF REAGENTS  
Use deionized (10 megohm) water for all solutions. (See Standard Specification for 
Reagent Water D1193-77 for more information).  
Degassing with helium:  
To prevent bubble formation, degas all solutions except the standards with helium. Use He 
at 140kPa (20 lb/in
2
) through a helium degassing tube (Lachat Part No. 50100.) Bubble He 
through the solution for one minute.  
Reagent 1. 15 N Sodium Hydroxide  
By Volume: Add 150 g NaOH very slowly to 250 mL or g of DI water. CAUTION: The 
solution will get very hot! Swirl until dissolved. Cool and store in a plastic bottle.  
Reagent 2. Ammonium Chloride buffer, pH 8.5  
By Volume: In a 1 L volumetric flask, dissolve 85.0 g ammonium chloride (NH
4
Cl) and 






O) in about 
800 mL DI water. Dilute to the mark and invert to mix. Adjust the pH to 8.5 with 15 N 
sodium hydroxide solution.  
By Weight: To a tared 1 L container, add 85.0 g ammonium chloride (NH4Cl), 1.0 g 
disodium ethylenediamine tetraacetic acid dihydrate (Na2EDTA.2H2O) and 938 g DI 
water. Shake or stir until dissolved. Then adjust the pH to 8.5 with 15 N sodium 
hydroxide solution.  
ACS grade ammonium chloride has been found occasionally to contain significant nitrate 
contamination. An alternative recipe for the ammonium chloride buffer is:  
By Volume: CAUTION: Fumes!!! In a hood, to a 1 L volumetric flask, add 500 mL DI 
water, 105 mL concentrated hydrochloric acid (HCl), 95 mL ammonium hydroxide 
(NH4OH), and 1.0 g disodium EDTA. Dissolve and dilute to the mark. Invert to mix. 
Adjust the pH to 8.5 with HCl or 15 N NaOH solution.  
By Weight: CAUTION: Fumes!!! In a hood, to a tared 1 L container, add 800 g DI water, 
126 g concentrated hydrochloric acid (HCl), 85 g ammonium hydroxide (NH4OH) and 
1.0 g disodium EDTA. Stir until dissolved. Adjust the pH to 8.5 with HCl or 15 N NaOH.  
Reagent 3. Sulfanilamide color reagent  
By Volume: In a 1 L volumetric flask, add approximately 600 mL DI water. Then add 100 
mL 85% phosphoric acid (H3PO4), 40.0 g sulfanilamide, and 1.0 g N-(1-naphthyl) 
ethylenediamine dihydrochloride (NED). Shake to wet, and stir to dissolve for 30 
minutes. Dilute to the mark, and invert to mix. Store in a dark bottle. This solution is stable 
for one month.  
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By Weight: To a 1 L dark, tared container, add 876 g DI water, 170 g 85% phosphoric 
acid (H3PO4), 40.0 g sulfanilamide, and 1.0 g N-(1-naphthyl) ethylenediamine 
dihydrochloride (NED). Shake until wet and stir with stir bar for 30 minutes until  






QuikChem® Method 10-107-04-4-B  
DETERMINATION OF TOTAL NITROGEN IN MANUAL  
PERSULFATE DIGESTS 
REAGENTS AND STANDARDS  
PREPARATION OF REAGENTS  
Use deionized (10 megohm) water for all solutions. (See Standard Specification for 
Reagent Water D1193-77 for more information).  
Degassing with helium:  
To prevent bubble formation, degas all solutions except the standards with helium. Use He 
at 140kPa (20 lb/in2) through a helium degassing tube (Lachat Part No. 50100.) Bubble He 
through the solution for one minute.  
Reagent 1. 15 N Sodium Hydroxide  
By Volume: In a 250 mL volumetric flask add 150 g NaOH to 50 mL or g of DI water. 
CAUTION: The solution will get very hot! Swirl until dissolved. Dilute to mark. Cool and 
store in a plastic bottle.  
Reagent 2. Ammonium Chloride buffer, pH 8.5  
By Volume: In a 1 L volumetric flask, dissolve 85.0 g ammonium chloride (NH4Cl) and 
1.0 g disodium ethylenediamine tetraacetic acid dihydrate (Na2EDTA.2H2O) in about 
800 mL DI water. Dilute to the mark and invert to mix. Adjust the pH to 8.5 with 15 N 
sodium hydroxide solution.  
By Weight: To a tared 1 L container, add 85.0 g ammonium chloride (NH4Cl), 1.0 g 
disodium ethylenediamine tetraacetic acid dihydrate (Na2EDTA.2H2O) and 938 g DI 
water. Shake or stir until dissolved. Then adjust the pH to 8.5 with 15 N sodium 
hydroxide solution.  
ACS grade ammonium chloride has been found occasionally to contain significant nitrate 
contamination. An alternative recipe for the ammonium chloride buffer is:  
By Volume: CAUTION: Fumes!!! In a hood, to a 1 L volumetric flask, add 500 mL DI 
water, 105 mL concentrated hydrochloric acid (HCl), 95 mL ammonium hydroxide 
(NH4OH), and 1.0 g disodium EDTA. Dissolve and dilute to the mark. Invert to mix. 
Adjust the pH to 8.5 with HCl or 15 N NaOH solution.  
By Weight: CAUTION: Fumes!!! In a hood, to a tared 1 L container, add 800 g DI water, 
126 g concentrated hydrochloric acid (HCl), 85 g ammonium hydroxide (NH4OH) and 
1.0 g disodium EDTA. Stir until dissolved. Adjust the pH to 8.5 with HCl or 15 N NaOH.  
Reagent 3. Sulfanilamide color reagent  
By Volume: In a 1 L volumetric flask, add approximately 600 mL DI water. Then add 100 
mL 85% phosphoric acid (H3PO4), 40.0 g sulfanilamide, and 1.0 g N-(1-naphthyl) 
ethylenediamine dihydrochloride (NED). Shake to wet, and stir to dissolve for 30 
minutes. Dilute to the mark, and invert to mix. Store in a dark bottle. This solution is stable 
for one month.  
By Weight: To a 1 L dark, tared container, add 876 g DI water, 170 g 85% phosphoric 
acid (H3PO4), 40.0 g sulfanilamide, and 1.0 g N-(1-naphthyl) ethylenediamine 
dihydrochloride (NED). Shake until wet and stir with stir bar for 30 minutes until 






Reagent 4. Stock 11N Sulfuric Acid  
By Volume: To a 1L Volumetric flask containing about 600 mL of DI water, 
CAREFULLY add 305 mL (561.2g) of concentrated sulfuric acid (H2SO4) CAUTION 
solution will be hot! Stir to mix, cool to room temperature and dilute to volume. Do not 
degas this reagent!  
Reagent 5. Carrier: Sulfuric Acid, 0.231 M  
By Volume: In a 1 L volumetric flask, add 500 mL DI water and 42 mL Reagent 4 (11N 
H2SO4). Dilute to the mark DI water and invert to mix. Degas daily. Prepare fresh weekly.  
Reagent 6. 0.5 N Sodium Hydroxide  
By Volume: To a 1L Volumetric flask containing about 600 mL of DI water, add 20 g 
NaOH. Swirl until dissolved. Dilute to mark. Cool and store in a plastic bottle. To prepare 
0.5 N NaOH solution from the 15 N NaOH (Reagent 1); in a 1L Volumetric flask 
containing about 600 mL of DI water, add 33.33 mL of 15 N NaOH and dilute to mark 
with DI water. Store in plastic bottle.  
Reagent 7. Basic Digestion Reagent (Digestion Reagent 1)  
By Volume: In a 1 L volumetric flask dissolve 10.48 g sodium hydroxide (NaOH) and 42 
g potassium persulfate (K2S2O8), in approximately 800 mL DI water. Dilute to the mark 
and invert to mix. Prepare fresh monthly and store in plastic. Do not degas this reagent!  
Reagent 8. Acidic Digestion Reagent (Digestion Reagent 2)  
By Volume: In a 500 mL volumetric flask, add 300 mL Reagent 4 (11N H2SO4) and 
11.5g potassium persulfate (K2S2O8) Dilute to the mark with Reagent 4 (11N H2SO4) 
and invert to mix. Prepare fresh weekly. Do not degas this reagent!  
Note: The samples must be carried through the entire digestion procedure to be used with 





























Method 10-107-06-1-J  
DETERMINATION OF AMMONIA BY FLOW INJECTION 
ANALYSIS 
 
REAGENTS AND STANDARDS  
PREPARATION OF REAGENTS  
Use ASTM Type I water for all solutions. (See Standard Specification for Reagent Water 
D1193-77 for more information).  
Degassing with helium:  
To prevent bubble formation, degas all solutions except the standards with helium. Use He 
at 140kPa (20 lb/in
2
) through a helium degassing tube (Lachat Part No. 50100.) Bubble He 
through the solution for one minute.  
Reagent 1. Sodium Phenolate  
CAUTION: Wear gloves. Phenol causes severe burns and is rapidly absorbed into the 
body through the skin.  





OH) is approximately 600 mL DI water. While stirring, slowly 
add 32 g sodium hydroxide (NaOH). Cool, dilute to the mark, and invert to mix. Do not 
degas this reagent. Prepare fresh every 3 to 5 days. Discard when reagent turns brown.  
By Weight: To a tared 1 L container, add 888 g DI water. Add 94.2 g 88% liquefied 




OH). While stirring, slowly add 32 g sodium 
hydroxide (NaOH). Cool and invert to mix thoroughly. Do not degas this reagent. Prepare 
fresh every 3 to 5 days. Discard when reagent turns brown.  
Reagent 2. Sodium Hypochlorite  
By Volume: In a 500 mL volumetric flask, dilute 250 mL 5.25% sodium hypochlorite 
(NaOCl) to the mark with DI water. Invert to mix. Prepare fresh daily.  
By Weight: To a tared 500 mL container add 250 g 5.25% sodium hypochlorite (NaOCl) 
and 250 g DI water. Stir or shake to mix. Prepare fresh daily.  
Reagent 3. Sodium Nitroprusside  









O]). Dilute to the mark with DI water and invert to 
mix. Prepare fresh every 1 to 2 weeks.  









O]) and 1000 g DI water. Invert to mix. Prepare 
fresh every 1 to 2 weeks.  
Reagent 4. 1 M Sodium Hydroxide Solution  
By Volume: In a 1 L volumetric flask, dissolve 40.0 g sodium hydroxide (NaOH) in 
approximately 900 mL DI water. Dilute to the mark and mix with a magnetic stirrer until 
dissolved.  
      Reagent 5. Buffer for Non Acid Preserved Samples  
By Volume: In a 1 L volumetric flask, dissolve 50.0 g disodium ethylenediamine 
tetraacetic acid (Na
2
EDTA) and 225 mL 1 M sodium hydroxide (Reagent 4) in 
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approximately 700 mL DI water. Dilute to the mark and mix with a magnetic stirrer until 
dissolved. Prepare fresh monthly.  
If the samples are preserved at a pH less than two with sulfuric acid, the following 
reagent and standard recipe changes apply:  
Reagent 6. Buffer for Acid Preserved Samples  
By Volume: In a 1 L volumetric flask, dissolve 50.0 g disodium ethylenediamine 
tetraacetic acid (Na
2
EDTA) and 254 mL 1 M sodium hydroxide (Reagent 4) in 
approximately 700 mL DI water. Dilute to the mark and mix with a magnetic stirrer until 
dissolved. Prepare fresh monthly.  
Reagent 7. Sulfuric Acid Diluent for Carrier and Standards  
By Volume: In a 1 L volumetric flask, add approximately 800 mL DI water followed by 2 
mL concentrated sulfuric acid. Dilute to the mark. Keep flask sealed when not in use 











































QuikChem® Method 10-115-01-1-A  
DETERMINATION OF ORTHO PHOSPHATE IN WATERS 
BY FLOW INJECTION ANALYSIS COLORIMETRY 
 
REAGENTS AND STANDARDS  
PREPARATION OF REAGENTS  
Use deionized water (10 megohm) for all solutions. 
      Degassing with helium:  
To prevent bubble formation, degas the carrier solution with helium. Use He at 140 kPa (20 
lb/in2) through a helium degassing tube (Lachat Part 50100). Bubble He vigorously through 
the solution for one minute.  
Reagent 1. Stock Ammonium Molybdate Solution  
By Volume: In a 1 L volumetric flask dissolve 40.0 g ammonium molybdate 
tetrahydrate [(NH4)6Mo7O24.4H2O] in approximately 800 mL DI water. Dilute to the 
mark and stir for four hours. Store in plastic and refrigerate. May be stored up to two 
months when kept refrigerated.  
By Weight: To a tared 1 L container add 40.0 g ammonium molybdate tetrahydrate 
[(NH4)6Mo7O24.4H2O] and 983 g DI water. Stir for four hours. Store in plastic and 
refrigerate. May be stored up to two months when kept refrigerated.  
Reagent 2. Stock Antimony Potassium Tartrate Solution  
By Volume: In a 1 L volumetric flask, dissolve 3.0 g antimony potassium tartrate 
(potassium antimonyl tartrate hemihydrate K(SbO)C4H4O6.1/2H2O) or dissolve 3.22 g 
antimony potassium tartrate (potassium antimonyl tartrate trihydrate C8H4O12K2Sb2. 
3H2O) in approximately 800 mL of DI water. Dilute to the mark and invert three times. 
Store in a dark bottle and refrigerate. Maybe stored up to two months when kept 
refrigerated.  
By Weight: To a 1 L dark, tared container add 3.0 g antimony potassium tartrate 
(potassium antimonyl tartrate hemihydrate K(SbO) C4H4O6.1/2H2O) or dissolve 3.22 g 
antimony potassium tartrate (potassium antimonyl tartrate trihydrate C8H4O12K2Sb2. 
3H2O) and 995 g DI water. Stir or shake until dissolved. Store in a dark bottle and 
refrigerate. Maybe stored up to two months when kept refrigerated.  
Reagent 3. Molybdate Color Reagent  
By Volume: To a 1 L volumetric flask add about 500 mL DI water, then add 35.0 mL 
concentrated sulfuric acid (CAUTION: The solution will get very hot!). Swirl to mix. 
When it can be comfortably handled, add 72.0 mL Stock Antimony Potassium Tartrate 
Solution (Reagent 2) and 213 mL Stock Ammonium Molybdate Solution (Reagent 1). 
Dilute to the mark and invert three times. Degas with helium. Prepare fresh weekly.  
By Weight: To a tared 1 L container add 680 g DI water, then 64.4 g concentrated 
sulfuric acid (CAUTION: The solution will get very hot!). Swirl to mix. When it can be 
comfortably handled, add 72.0 g Stock Antimony Potassium Tartrate Solution (Reagent 
2) and 213 g Stock Ammonium Molybdate Solution (Reagent 1). Shake and degas with 
helium. Prepare fresh weekly.  
Reagent 4. Ascorbic Acid Reducing Solution, 0.33 M  
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By Volume: In a 1 L volumetric flask dissolve 60.0 g granular ascorbic acid in about 700 
mL of DI water. Dilute to the mark and invert to mix. Add 1.0 g dodecyl sulfate 
(CH3(CH2)11OSO3Na). Prepare fresh weekly. Discard if the solution becomes yellow.  
By Weight: To a tared 1 L container, add 60.0 g granular ascorbic acid and 975 g DI 
water. Stir or shake until dissolved. Add 1.0 g dodecyl sulfate (CH3(CH2)11OSO3Na). 
Prepare fresh weekly. Discard if the solution becomes yellow.  
     Reagent 5. Sodium Hydroxide - EDTA Rinse  
Dissolve 65 g sodium hydroxide (NaOH) and 6 g tetrasodium ethylenediamine 














































8.2. Appendix – B 
 
Pollutographs of Metals 
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